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MESSAGE  FROM  THE  CEO,  DIRECTOR 


I  This  will  be  my  last  symposium  as  your  CEO/Director.  I  have  been  a  part 

of  the  Symposium  for  nearly  all  of  its  51  years.  Beginning  in  the  mid-fifties,  1954 
or  1955  1  attended  my  first  IWCS  at  the  Berkley  Carteret  Hotel  in  Asbury  Park,  NJ 
and  I  gave  my  first  paper  at  the  Symposium  in  1959.  Hardly  a  year  passes  without 
someone  at  the  symposium  mentioning  the  years  that  the  symposium  was  held  in 
Asbuiy  Park  or  Atlantic  City,  NJ.  The  symposium  has  been  such  a  major  part  of 
my  life  that  each  year  I  look  forward  with  joy  and  excitement  in  the  expectation  of 
another  great  conference. 

My  association  with  the  symposium  leaves  me  with  many  fond  memories. 
The  most  lasting  are  the  many  friends  that  I  have  made  over  the  years,  especially  the  many  Board/Committee 
members  and  their  families.  During  their  tenure  on  the  committee,  many  members  became  such  close  f  iends 
that  at  the  end  of  their  term,  departing  became  a  sad  occasion.  I  will  always  miss  the  camaraderie  and 
fellowship  of  the  Board  and  Committee  Members,  especially  during  the  international  meetings  when  we  visited 
various  companies  and  symposium  supporters. 

Last  year’s  50,h  Anniversary  Symposium  in  Orlando,  Florida  was  a  tremendous  success,  due  largely 
to  the  efforts  of  the  past  Board  Chairman,  Dr.  Raymond  E.  Jaeger.  The  activities  planned  by  Ray  and  his 
committee  at  Disney  s  Epcot  and  MGM  Studios  in  support  of  the  symposium  were  outstanding.  The  picture 
displays  and  the  historical  artifacts  assembled  by  Ray’s  committee  in  the  exhibit  area  helped  to  revive  many 
memories  of  past  symposiums.  I  think  everyone  will  agree,  that  the  5(fh  symposium  was  both  technically 
rewarding  and  emotionally  exciting. 

This  yeai  as  in  the  past,  an  excellent  technical  program  is  planned,  with  over  one  hundred  and  thirty 
papers  scheduled  to  be  presented,  in  addition  to  one  day  (Monday)  of  special  educational  short  courses.  The 
scheduled  exhibits  and  the  poster  sessions  should  as  always  provide  the  opportunity,  especially  during  the 
hospitality  hours,  for  everyone  to  meet  and  greet  old  friends. 

Last  year’s  winners  of  best  technical/poster  papers  and  best  presentation  will  be  recognized  and 
presented  with  plaques,  acknowledging  their  accomplishments.  Retiring  Board  member  Dr.  Peter  R.  Bark  of 
Corning  Cable  Systems  and  Committee  Member  Dr.  Howard  Wichansky,  U.S.  Army  CECOM  will  be  surely 
missed.  On  behalf  of  the  Board  of  Directors  and  Symposium  Committee,  I  extend  to  Peter  and  Howard  our 
sincere  thanks  and  appreciation  for  their  many  years  of  dedication  and  service  to  the  symposium. 

On  behalf  of  the  Board  of  Directors  and  Symposium  Committee,  I  extend  our  gratitude  and  thanks  to 
the  many  companies  that  supported  this  year ’s  symposium. 

I  hope  this,  my  last  symposium  as  its  CEO/director  will  be  as  great  as  the  others  that  preceded  it.  As 
always  I  am  looking  forward  to  seeing  and  greeting  many  of  you  in  Florida. 

^2—  ?•  C^L__ 

Elmer  F.  Godwin 
CEO,  Director 
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Quest  Speaker  -  (PCenary  Session 


Dr.  Noritaka  Kurauchi 
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(Rutger's  Scfio(arsfiij) 


Dr.  Ray  Jaeger  (left)  and 
Ace  Godwin  (right) 
Announcing  the  Elmer  F.  “Ace"  Godwin 
Rutger’s  Scholarship  Award 


Schofarship  ‘Recipients 

tE(mer  T.  “‘Ace”  Cjocfwin 


Aleksandr  Pelts 
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Drexel  University 
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MIT  w 
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Outstanding  Technical 
John  Sach  of  IWCS  (on  left) 
making  presentation  to  Manuel  Santana. 
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Dr.  Luis  M.  Bocanegra,  H.  Paul  Debben,  Jr., 
and  C.  Shawn  Davis.  Lucent  Technologies,  Incorporated, 
Norcross  GA 


Outstanding  Poster  Paper 
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Christopher  "Kenneth  fEoff  ‘Memoriaf 


Jennifer  Shen 
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Stanford  University 


FCitts-Kingslev  Award 
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John  Sach  of  IWCS  (on  left)  making  presentation 
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Limited,  Spartanburg,  SC 


Dr.  Ray  Jaeger  of  IWCS  (on  left)  making 
presentation  to  Irving  Kolodny.  also  of  IWCS 


Retiree  ‘Award 


Elmer  F.  Godwin  of  IWCS  (on  left)  presenting  retirement  certificate 
to  Nils  Artlove.  Telia  International  Carrier,  Farsta,  Sweden 
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“Optical  Performance  of  Submarine  Cables  in 
Optically  Amplified  High  Bit  Rate  Systems” 

Richard  S.  Wagman,  Gregory  A. 

Lochkovic  and  Kevin  T.  White  -  Siecor 
Corporation  -  “Component  Optimization 
for  Slotted  Core  Cables  Using  8  -  Fiber 
Ribbons” 

Dr.  Dan  L.  Philen  -  AT&T  Bell 
Laboratories  -  “Optical  Fiber  for 

Amplified  Undersea  Systems” 

1994 

Toshio  Kurashima,  Kazuo  Hogari,  Satoshi 
Matsuhashi,  Dr.  Tsuneo  Horiguchi,  Dr.  Yahei 
Koyamada  and  Yutaka  Wakui  -  NTT  Access 
Network  Systems  Laboratories;  and  Hiroshi 

Hirano  -  NTT  Technical  Assistance  &  Support 
Center  -  “Measurement  of  Distributed  Strain  in 
Frozen  Cables  and  Its  Potential  for  Use  in 

Predicting  Cable  Failure” 

Dr.  Sverker  Forsberg  -  Swedish 

University  of  Agricultural  Sciences;  and 

Jan  Bjorkman  -  Telia  AB  -  “Release  of 
Lead  from  Lead  -  Sheathed  Telecom 

Cables  in  Soil” 

Barry  J.  Keon  -  Telstra  -  “The  Effects 
of  Optical  Fiber  Coating  and  Ink 

Materials  on  the  Corrosion  of  the  Glass 
Surface” 
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Jack  Spergel  Memorial  Award  for 
Outstanding  Technical  Paper 

Outstanding  Poster  Paper 

1993 

Dr.  Yoshinori  Namihira  and  Toshio  Kawazawa  - 
KDD  R&D  Laboratories;  and  Naoki  Norimatsu  - 
KDD  Company,  Limited  -  “PMD  Reduction  of 
Optical  Fiber  Cables  for  Transoceanic  Optical 
Amplifier  Submarine  Cable  Systems” 

Willem  Griffioen  -  PTT  Research  - 
“Mechanical  Lifetime  of  Optical  Fibers” 

Timothy  S.  Dougherty-  AT&T 

Network  Cable  Systems  -  “The 
Temperature  of  Aerial  Plant  and  Its 

Effect  Upon  Foam  -  Skin  Insulation 

Life”  and  Wolfgang  Wenski  - 
Kabelmetal  Electro  GmbH  -  “First  Large 
Scale  FITL  Installation:  Experience 

From  Opal  ’93” 

1992 

Nathan  E.  Hardwick  III  and  Kris  Kathiresan  - 
AT&T  Bell  Laboratories  and  J.  G.  Hartley  - 
Georiga  Institute  of  Technology  -  “Analysis  of 
Fiber  Optic  Cable  Design  Conditions  in  Vicinity 
of  Steam  Lines  -  Ruptured  and  Pristine” 

Svend  Hopland  and  Albert  Klykken  - 
Norwegian  Telecom  -  “Installation  of 
Submarine  Fiberoptic  Cables  in  Rugged 
Coastal  Terrain” 

Peter  Latoszynski  -  Telecom  Australia  - 
“Development  of  Co  -  Extruded 
Polyethylene/Polyamide  12  Insect 
Resistant  Telecommunications  Cable” 

1991 

Shigeru  Tomita,  Michito  Matsumoto,  Tetsuro 
Yabuta  and  Takuya  Uenoya  -  NTT  - 
“Preliminary  Research  into  Ultra  High  Density 
and  High  Count  Optical  Fiber  Cables” 

G.  Scott  Glaesemann  -  Coming  Inc.  - 
“The  Effect  of  Proof  Testing  on  the 
Minimum  Strength  of  Optical  Fiber” 

Sue  V.  Wolfe  -  STC  Submarine 

Systems  -  “Structure  and  High  Voltage 
DC  Behaviour  of  Submarine  Cable 
Mouldings” 

1990 

Trevor  N.  Bowmer,  Russell  J.  Miner,  Irene  M. 

Plitz,  Joseph  N.  D’Amico  and  Lai  M.  Hore  - 
Bellcore  -  “Thermal  Stability  Tests  for  Polyolefin 
Insulations” 

Steve  Lischynsky,  Helmut  Lukas,  Robin 
McIntyre  and  Grant  Pacey-  Bell  - 
Northern  Research  Ltd.  -  “New 
Technology  for  a  Single  Mode 

Mechanical  Splice” 

Harold  W.  Friesen  -  AT&T  Bell 
Laboratories  -  “An  Improved 
Characteristic  Impedance  Measurement 
Technique” 

1989 

Michel  Plasse,  Lise  Desroches  and  Paul  -  Andre 
Guilbert  -  Northern  Telecom  Canada  Limited  - 
“High  Performance  Twisted  -  Pair  Cable  for  LAN 
Systems” 

Wemer  Bernard  and  Susan  C.  Grant  - 
Siecor  Corporation  -  “Fiber  Optic  Drop 
Cables  in  the  Subscriber  Loop” 

Michel  de  Vecchis  -  Les  Cables  de 

Lyon  -  “Results  on  a  Large  Scale 
Installation  of  a  Fibre  Optic  Distribution 
Network” 

1988 

Martin  C.  Light  Jr.,  James  A.  Moses,  Mark  A. 
Sigmon  and  Christopher  A.  Story  -  Siecor  Corp. 

-  “Design  and  Performance  of 

Telecommunication  Cable  Optimized  for  Low 
Fiber  Count” 

Dr.  R.  Raman  -  Contel  Laboratories  - 
“Loss  at  Dissimilar  Fiber  Splices” 

Janice  B.  Haber  -  AT&T  Laboratories  - 
“Single  -  Mode  Media  and  Apparatus  for 
Fiber  to  the  Home” 

1987 

Stephen  B.  Pierce  -  Conel  Laboratories  -  “Digital 
Transmission  on  Customer  Premises  Wiring” 

William  Wood  -  Bell  Communication 
Research  -  “Performance  Analysis  of 
Optic  Fiber  Cleavers” 

Richard  Rossi  -  General  Cable 

Company  -  “Cable  Sheathing  Design 
and  Performance  Criteria” 

Outstanding  Technical  Papers 

1986 

Simon  D.  Dadakarides  and  Bruce  B.  Lusignam,  Stanford 
University  -  “Magnetically  Loaded  Cables” 

Dave  Fischer,  Superior  Cable  Corp.  -  “Progress  Towards  the 
Development  of  Lighting  Test  for  Telecommunication  Cables” 

John  C.  Chamberlain,  Siecor  Coip.  -  “Zero  Halogen  Fire  Retardant 

Fiber  Optic  Shipboard  Cable” 

1985 

James  A.  Krabec  and  John  W.  Kincaid,  Jr.,  Belden  Technical 
Research  Center  -  “Advances  in  the  Optimization  of  Multi  - 
Layer  Shield  Design” 

Stephen  Homung,  British  Telecom  Research  Laboratories  - 
“Manufacture  and  Performance  of  Fibre  Units  for  Installation  by  The 
Viscous  Drag  of  Air” 

1984 

M.  Fujise  and  Y.  Iwamoto,  KDD  Research  &  Development 
Laboratories,  Tokyo,  Japan  -  “Self-Core- Alignment  Arc- 
Fusion  Splicer  Based  on  a  Simple  Local  Monitoring  Method” 

William  E.  Dennis,  Dow  Coming  Corporation,  Midland,  Michigan- 
“Hydrogen  Evolving  Tendencies  of  Cable  Fillers  and  Optical  Fiber 
Coatings” 

1983 

V.  A.  Fentress,  Raychem  Corp.  and  D.  V.  Nelson,  Stanford 
University  -  “Fracture  Mechanics  Evaluation  of  the  Static 
Fatigue  Life  of  Optical  Fibers  in  Bending” 

J.  R.  Bury,  Standard  Telecommunication  Laboratories,  Ltd.,  Hailow, 
England  -  “Development  of  Flame  Retardant,  Low  Aggressivity 

Cables” 

1982 

R.  H.  Whiteley,  Raychem  Ltd.  -  “A  Comprehensive  Small 

Scale  Smoke  Test” 

A.  Yoshizawa,  The  Furukawa  Electric  Co.,  Ltd  -  “Structure  and 
Characteristics  of  Cables  for  Robots” 
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1981 

C.  J.  Arroyo,  N.  J.  Cogel ia,  Bell  Laboratories,  and  B.  J.  Darsey, 
Western  Electric  -  “Thermal  Behavior  of  Experimental  Plenum 
Cable  Sheaths  Determined  in  a  Radiant  Heat  Chamber” 

G.  S.  Anderson,  Belden  Corporation  -  “Installation  of  Fiber  Optic 

Cable  on  457  Meter  Tower” 

1980 

P.  Kish  and  Y.  BeBorgne,  Northern  Telecom  Canada  Limited, 
Montreal,  Canada  -  “General  Crosstalk  Model  for  Paired 
Communication  Cables” 

J.  J.  Refi,  Bell  Laboratories  -  “Mean  Power  Sum  Far  -  End  Crosstalk 
of  PIC  Cables  as  a  Function  of  Average  Twist  Helix  Angle” 

1979 

S.  Masaki,  Y.  Yamazaki  and  T.  Ideguchi,  Nippon  Telegraph 
and  Telephone  Public  Corporation,  Japan  -  “New  Aluminum 
Sheath  Cable  Used  for  Electromagnetic  Shielding” 

I.  Wadehra,  IBM  Corporation  -  “Performance  of  Polyvinyl  Chloride 
Communication  Cables  in  Modified  Steiner  Tunnel  Test” 

1978 

F.  Suzuki,  S.  Sato,  A.  Mori  and  Y.  Suzuki;  Sumitomo  Electric 
Industries,  Ltd.,  Japan  -  “Microcoaxial  Cables  Insulated  with 
Highly  Expanded  Polyethylene  By  Chemical  Blowing  Method” 

Richard  C.  Mondello,  Bell  Labs.  -  “Design  and  Manufacture  of  an 
Experimental  Lightguide  Cable  for  Undersea  Transmission  Systems” 

1977 

T.  K.  McManus,  Northern  Telecom  Canada  Ltd.  and  R. 
Beveridge,  Saskatchewan  Telecommunications,  Canada  -  “A 
New  Generation  of  Filled  Core  Cable” 

William  L.  Schmacher,  AMP  Inc.  -  “Design  Considerations  for  Single 
Fiber  Connector” 

1976 

N.  J.  Cogelia,  Bell  Telephone  Laboratories  and  G.  K.  Lavoie 
and  J.  F.  Glahn,  US  Department  of  Interior  -  “Rodent  Biting 
Pressure  and  Chemical  Action  and  Their  Effects  on  Wire  and 
Cable  Sheath” 

Michael  DeLucia,  Naval  Ship  Research  and  Development-  “Highly 

Fire  -  Retardant  Navy  Shipboard  Cable” 

1975 

T.  S.  Choo,  Dow  Chemical  U.S.A.  —  “Corrosion  Studies  on 
Shielding  Materials  for  Underground  Telephone  Cables” 

J.  E.  Wimsey,  United  States  Air  Force  -  “The  Bare  Base  Electrical 
Systems” 

1974 

D.  Doty,  AMP  Inc.  -  “Mass  Wire  Insulation  Displacing 
Termination  of  Flat  Cable” 

G.  H.  Webster,  Bell  Laboratories  -  “Material  Savings  by  Design  in 
Exchange  and  Trunk  Telephone  Cable” 

1973 

Dr.  H.  Martin,  Kabelmetal  -  “High  Power  Radio  Frequency 
Coaxial  Cables,  Their  Design  and  Rating” 

R.  J.  Oakley,  Northern  Electric  Co.,  Ltd.  -  “A  Study  Into  Paired  Cable 
Crosstalk” 

1972 

J.  B.  Howard,  Bell  Laboratories  -  “Stabilization  Problems  with 
Low  Density  Polyethylene  Insulations” 

S.  Kaufman,  Bell  Laboratories  -  “Reclamation  of  Water  -  Logged 

Buried  PIC  Telephone  Cable” 

1971 

R.  Lyenger,  R.  McClean  and  T.  McManus,  Bell  Northern 
Research  -  “An  Advanced  Multi  -  Unit  Coaxial  Cable  for  Toll 
PCM  Systems” 

S.  Nordblad,  Telefonaktiebolaget  L.  M.  Ericsson  -  “Multi  -  Paired 

Cable  of  Nonlayer  Design  for  Low  Capacitance  Unbalance 
Telecommunications  Network” 

N.  Kojima,  Nippon  Telegraph  and  Telephone  -  “New  Type  Paired 

Cable  for  High  Speed  PCM  Transmission” 

1970 

D.  E.  Setzer  and  A.  S.  Windeler,  Bell  Laboratories  -  “A  Low 
Capacitance  Cable  for  the  T2  Digital  Transmission  Line” 

Dr.  0.  Leuchs,  Kable  and  Metal  werke  -  “A  New  Self  Extinguishing 
Hydrogen  Chloride  Binding  PVC  Jacketing  Compound  for  Cables” 

1969 

J.  P.  McCann,  R.  Sabia  and  B.  Wargotz,  Bell  Laboratories  - 
“Characterization  of  Filler  and  Insulation  in  Waterproof  Cable” 

J.  D.  Kirk,  Alberta  Government  Telephones-  “Progress  and  Pitfalls  of 
Rural  Buried  Cable” 

1968 

H.  Lubars  and  J.  A.  Olszewski,  General  Cable  Corp.  - 
“Analysis  of  Structural  Return  Loss  in  CATV  Coaxial  Cable” 

N.  Dean,  B.I.C.C.-  “The  Development  of  Fully  Filled  Cables  for 
Distribution  Network” 
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Abstract 

The  desire  to  know  “what  the  future  holds”  is  an  holy  Grail  for 
both  corporate  and  technology  strategy  development.  While 
jumps  in  technology  are  frequently,  apparently,  random  and  only 
monitoring  weak  signals  in  the  environmental  analysis  can 
provide  an  insight  into  what  may  happen  and  when,  prediction  of 
developments  in  current  technologies  is  a  prime  interest  of 
technology  forecasting.  There  are  several  techniques  available  to 
undertake  this  analysis  and,  while  many  of  them  are  used  to  some 
extent,  others  are  generally  not.  Some  key  techniques  include 
Trend-line  analysis,  Fisher-Pry  analysis  and  Gompertz  analysis. 
One  significant  issue  is  the  accuracy  of  these  models,  particularly 
in  relation  to  projection  from  early  data,  and,  hence,  their  usability 
for  strategic  information.  Examples  for  this  include  applying  poor 
parameter  selection  for  Fisher-Pry  and  Gompertz  analyses,  leading 
to  unrealistic  assumptions  about  saturation  values.  This  paper 
reviews  these,  and  other,  techniques  and  discusses  a  number  of 
issues  related  to  the  relationship  between  forecasting  and 
knowledge  management  and  the  suitability  and  the  applicability  of 
some  of  these  techniques  to  the  communications  industry. 

Keywords 

Forecasting;  S-curve;  knowledge  management;  Fisher-Piy; 
Gompertz 

1.  Introduction 

Could  the  impact  of  the  events  of  11th  September  2001  and/or  the 
global  telecoms  downturn  have  been  better  predicted?  Could 
more  companies  have  been  better  placed  to  cope  with  the  effects 
of  these  factors?  Despite  a  number  of  indications  that  something 
‘big’  would  happen  in  the  USA,  the  nature  and  effects  of  the 
atrocities  could  probably  only  have  been  considered  as  wild 
speculation.  Perhaps  transport  related  companies  could  have 
based  a  scenario  on  “What  if  something  happens  that  reduces 
peoples  desire  to  travel?”  and  they  could  have  prepared  better  but 
would  it  have  been  feasible  to  consider  the  effects  of  something 
that  would  have  a  dire  impact  on  general  business  confidence 
which  then  impacts  on  the  communications  business? 

Scenario  analysis  emerged  in  the  1960s  and  has  been  used  to  great 
effect  by  many  companies.  One  of  the  most  popular  examples  of 
companies  using  these  is  Shell  [1,2],  who,  in  the  1960s  looked  at 
the  unpredictability  of  oil  prices  and  as  a  result  were  well  placed 
to  survive  the  oil  crisis  in  the  1970s.  Further,  in  the  1980s,  they 
looked  at  what  would  happen  if  a  virtual  unknown  (Mr 
Gorbachev)  came  to  power.  It  has  been  suggested  [3]  that  most 


Arthur  J.  Willis 

Brand-Rex  Ltd. 

Viewfield  Industrial  Estate 
Glenrothes,  Fife,  Scotland 


companies  only  look  at  one  scenario,  the  official  future,  but 
development  of  a  variety  of  scenarios  can  help  to  develop 
managers’  mental  maps  about  the  future.  Clearly,  scenarios  need 
a  significant  basis  in  qualitative  information  but  backed  by 
quantitative  information  where  possible. 

Some  aspects  feeding  into  scenario  development  are  inherently 
more  predictable.  ‘More  predictable’  in  this  case  meaning  ‘less 
uncertain’.  For  example,  perhaps  the  global  communications 
slowdown  was  more  predictable.  If  we  accept  that  all  growth  has 
limits  and  products  and  markets  go  through  periods  of  slow 
introduction,  rapid  adoption  and  slow  decline,  limits  both  in 
volume  and  times  can  be  placed  on  current  technologies  and 
markets.  The  S-curve  is  the  basis  of  many  forecasts  using 
quantitative  data.  This  paper  addresses  some  aspects  of  forecast 
generation  using  S-curve  extrapolation. 

One  significant  aspect  of  forecasting  is  that  the  act  of  undertaking 
the  forecast,  or  creation  of  the  scenarios,  unlocks  knowledge  held 
within  the  organization  and  available  to  the  organization,  and 
creates  new  knowledge.  Benefits  of  this  can  be  felt  in  a  number 
of  areas.  For  example: 

•  Corporate  and  technology  strategy.  A  current  trend  in 
strategy  is  the  development  of  a  sustainable  competitive 
advantage  based  on  the  capabilities  leveraged  from 
organizational  resources  [4].  Knowledge  is  a  key 
intangible  resource. 

•  Organisational  change.  The  culture  of  an  organization, 

they  way  it  does  things,  is  a  complex  interplay  of  many 
factors  such  as  management  structure  and  stories  and 
myths  [5].  Knowledge  and  communication  are 

embedded  in  the  culture,  so  by  managing  the  process  of 
knowledge  creation  and  sharing  differently,  the  culture 
of  the  organization  can  start  to  change  and  with  cultural 
change  comes  scope  for  organizational  change  [6], 

While  forecasts  based  on  ‘market  data’  can  feed  into  the 
development  of  scenarios,  extrapolation  techniques  do  have  a 
major  role  to  play  in  the  planning  for  individual  products  or 
sections  within  a  company.  This  paper  looks  specifically  at 
extrapolation  techniques,  and  notably  Fisher-Pry  and  Gompertz 
analyses:  it  being  frequently  commented  on  that  these  are  not  as 
widely  used  as  they  could  be.  The  paper  first  looks  at  the 
relationship  between  knowledge  management  and  forecasting,  it 
then  puts  the  extrapolation  techniques  into  context  by 
overviewing  a  number  of  related  and  complementary  forecasting 
techniques.  Finally,  a  number  of  examples  are  drawn  from  the 
literature,  which  illustrate  their  use,  issues  related  to  errors  are 
also  discussed. 
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2.  Knowledge  Management  and  Forecasting 
2.1  Forecasting  and  knowledge 

Knowledge  management  is  an  emerging  management  topic  and 
more  companies  are  now  treating  knowledge  as  a  key 
organizational  resource.  Forecasting  requires  both  the  accessing 
of  knowledge  that  exists  and  the  creation  of  new  knowledge.  As 
the  process  of  forecasting  requires  the  collection  and  generation  of 
data,  and  implies  that  decisions  need  to  be  made  based  on  the 
knowledge,  it  is  helpful  to  consider  the  relation  between  data  and 
knowledge.  One  useful  visualization  was  presented  by  Amidon 
and  Skyrme  [7]  which  transposes  neatly  to  the  forecasting 
process: 

•  Data  are  the  observations  made.  Clearly  these  are  the 
facts  and  figures  collected. 

•  Information  can  be  thought  of  as  data  with  context.  The 
data  is  organized. 

•  Knowledge  is  the  information  with  meaning.  The 
forecast  is  made 

•  Wisdom  is  knowledge  with  insight.  Decisions  are  made 
based  on  the  forecast. 

The  introduction  discussed  the  benefit  of  forecasting  in  accessing 
organizational  knowledge  and  the  effects  on  organizational 
culture.  There  are  two  factors  here  that  have  a  bearing  on  this. 
The  first  is  the  relationship  of  tacit  and  explicit  knowledge  of 
individuals  and  groups  and  the  second  is  whether  the  organization 
can,  itself,  possess  knowledge. 

Cook  and  Brown  [8]  suggested  that  individuals  and  groups 
possess  both  tacit  knowledge  and  explicit  knowledge.  The 
combination  of  these  four  types  of  knowledge  come  together  to 
fuel  the  work  that  is  done.  Cook  and  Brown  refer  to  this  as 
Knowing  in  Action  and  the  interplay  of  the  knowledge  types  as  a 
generative  dance  and  that  while  knowledge  cannot  be  converted 
from  one  form  to  another,  one  type  can  be  created  from  another. 
Figure  1  illustrates  these  epistemologies. 


Individual 

Group 

Explicit 

Concepts: 

Stories 

e.g.  rules,  equations, 

e.g.  success  stories, 

observations 

shared  phrases  which 
have  useful  meaning 

Tacit 

Skills 

Genres 

e.g.  making  use  of  the 

e.g.  shared 

concepts 

understanding  about  how 
things  are  done 

Figure  1  Relational  epistemologies 


From  the  standpoint  of  creating  a  forecast,  individuals  may  know 
how  to  create  a  questionnaire  or  they  may  know  equations  for 
some  of  the  trend  analyses  techniques  (“Concepts”),  but  some  will 
be  better  able  than  others  to  implement  these  (“Skills”).  The 
group  working  on  the  forecast  development  may  share  knowledge 
about  previous  forecasts  (“Stories”)  and  share  a  certain  way  of 
carrying  out  various  meetings  and  interviews  (“Genres”). 


Together,  these  dictate  the  process  by  which  the  forecast  is 
created. 

Knowledge  of  individuals  and  groups,  whether  tacit  or  explicit, 
leads  onto  the  question  of  where  knowledge  in  an  organization  is 
held.  The  concept  of  organizational  memory  is  generally  vague 
and  confused  [9].  However,  one  of  the  most  widely  acknowledge 
views  [10]  suggest  that  there  are  a  number  of  aspects  which 
contain  the  acquisition  and  retention  of  knowledge,  these  are: 

•  The  individual  memory  and  personal  files 

•  The  organizational  culture,  such  as  stories  or  shared 
frameworks 

•  The  logic  embedded  in  the  transformations  from  inputs 
to  outputs. 

•  The  roles  within  an  organization  as  a  repository  for 
information  storage 

•  The  ecology  of  the  workplace. 

While  the  approach  used  here  does  not  clearly  embody  the 
information  systems  related  repositories,  it  does  reinforce  the 
relationship  between  individuals  and  groups  and  the  fact  that 
knowledge  creation  and  sharing  is  an  interplay  of  many  directly 
and  indirectly  related  factors. 

Success  of  many  organizational  strategies  depends  on  the 
identification  of  weak  signals  -  the  hints  that  suggest  what  may 
happen.  Identification  of  these  signals  may  provide  an 
organization  with  valuable  intelligence  providing  opportunity  for 
competitive  advantage  over  the  competition.  Weak  signals,  as 
their  name  suggests,  could  possibly  be  missed  in  the  background 
noise  (unlike  strong  signals  which  encourages  companies  to  take 
the  same  sorts  of  actions:  “shoaling”).  In  order  to  identify  these 
weak  signals  early  enough  to  be  able  to  act  on  them,  the  factors  of 
both  Figure  1  and  the  organizational  memory  need  to  be  managed 
to  encourage  pooling  of,  for  example,  environmental,  political, 
technical  and  social  factors  (STEP  analysis  and  its  variants).  Such 
approaches  may  involve  encouraging  communities  of  practice, 
learning  networks  or  simply  introducing  forms  of  rewards  for 
sharing  this  information  [11). 

This  section  has  attempted  to  provide  some  organizational 
knowledge  context  for  forecasting  and  the  process  of  undertaking 
them.  The  next  sections  look  at  the  more  practical  aspects  of 
forecasts. 


2.2  Elements  of  a  forecast 

Twiss  [12]  suggests  that  the  forecasting  process  can  be  regarded 
as  a  means  of  transforming  inputs  (in  the  form  of  assumptions, 
data,  insight  and  judgment)  to  outputs  (in  the  form  of  qualitative 
and  quantitative  data,  given  a  time  reference  and  with  the  levels  of 
uncertainty  acknowledged).  The  inputs  have  a  clear  relevance  to 
the  elements  of  figure  1,  particularly  in  understanding  (knowing) 
the  potential  deficiencies  in  input  data  or  the  weighting  to  place 
on  certain  qualitative  factors. 

The  next  section  looks  at  a  number  of  forecasting  typologies  and 
develops  further  the  analysis  of  the  Fisher-Pry  and  Gompertz 
approaches. 
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3.  Forecasting  Typologies 


This  section  reviews  a  number  of  forecasting  techniques.  There 
are  a  number  of  texts  that  discuss  these  in  more  detail;  for 
example  [12,  13,  14,  15].  While  various  authors  and  forecasters 
may  categorise  the  techniques  differently,  the  techniques 
discussed  in  this  paper  are  split  into  Exploratory  and  Normative 
techniques,  in  the  manner  of  [12].  Exploratory  techniques  project 
past  data  into  the  future,  such  as  technological  progress  or  market 
penetration.  Normative  techniques  use  expert  opinion  to 
determine  the  feasibility  of  particular  options.  Whilst  perhaps  an 
oversimplification,  exploratory  techniques  can  be  thought  of  as 
being  ostensibly  quantitative  and  normative  techniques  as  being 
ostensibly  qualitative. 


3.1  Exploratory  techniques 


The  concept  of  lifecycles,  whether  industry  or  product,  is 
embedded  in  corporate  psyche.  With  time  and  investment,  some 
parameter  being  monitored  will  grow,  initially,  at  an  exponential 
rate  and  the  rate  of  growth  will  decline  at  a  decaying  exponential 
rate  until  a  technical,  physical  or  economic  limit  is  reached.  In 
marketing  terms  this  is  a  concept  that  may  encourage  investment 
or  marketing  mix  modification  decisions.  Technically,  the  limit 
may  be  determined  by  the  physics  of  a  particular  device;  never¬ 
theless,  the  S-curve  concept  then  encourages  informed  decisions 
about  alternative  investment  opportunities. 

Identifying  new  technologies  and  their  growth  can  be  assisted  by 
precursor  trend  analysis.  Typically  scientific  paper  or  patent 
monitoring  can  provide  valuable  insight  into  competitor 
technology 

The  basic  exponential  curve  is  the  Pearl  curve,  given  by  the 
formula 
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where  y  is  the  value  of  the  parameter  being  monitored,  such  as 
market  penetration  or  bit-rate,  L  is  the  maximum  value  of  the 
parameter  y,  a  and  b  are  parameters  which  determine  the  shape  of 
the  curve.  It  does  not  account  for  step  changes  in  technology  nor 
investment  (Twiss  [12]  makes  the  point  that  investment,  rather 
than  time,  is  the  key  to  technological  development).  This  curve 
can  readily  be  converted  to  a  straight  line  (in  log-lin  format)  and 
linear  regression  used  to  project  the  data,  for  example,  using 
Excel  spreadsheets.  Sources  of  error  in  the  Pearl  curve  involve 
the  uncertainty  associated  with  both  the  time  and  value 
measurements  for  the  initial  observations  (most  observations 
should  be  treated  as  probability  clouds  than  exact  points).  While 
L,  a  and  b  can  be  determined  with  reasonable  accuracy  from  at 
least  three  independent  measurements,  they  are  limited  by  the 
accuracy  of  the  initial  observations. 

The  maturity  of  one  technology  often  leads  to  the  substitution  by 
another  technology.  In  the  case  where  this  newer  technology 
offers  a  technical  superiority  over  the  older  technology  it  will  be 


bought/implemented  for  this  reason.  One  particularly  successful 
approach  to  quantifying  this  was  proposed  by  Fisher  and  Pry  [16] 
who  looked  at  the  rate  of  substitution.  The  equation  they 
proposed  is: 


/ 

i -/ 
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bt 


(2) 


The  relationship  between  equation  2  and  the  Pearl  curve  of 
equation  1  are  clear  (they  are  functionally  the  same).  In  this  case, 
f  represents  the  proportion  of  substitution  at  the  observation  time. 

Projections  based  on  small  amounts  of  data  (f  =  0.01  [14]  and  f = 
0.05  [12])  are  claimed  to  produce  accurate  forecasts. 

Where  the  main  driver  is  not  better  technical  performance  but 
obsolescence  then  the  model  proposed  by  Gompertz  [17]  is  more 
appropriate.  While  this  model  is  based  in  the  biological  sciences, 
it  has  achieved  some  success  in  technology  forecasting, 
particularly  in  consumer  applications  [15]  where  an  increasing 
decline  in  substitution  is  seen  with  time.  The  general  form  of  the 
equation  is: 


y 
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When  successive  substitution  curves  are  plotted  on  the  same  axis, 
for  the  same  technical  parameter,  it  has  been  observed  that  the 
envelope  of  the  resulting  graph  is  also  and  S-curve.  It  is  also 
possible  to  combine  several  related  technologies  to  provide  a  view 
of  the  current  state  of  the  technology.  The  selection  of  the 
appropriate  parameters  to  use  may  rely  on  the  use  of  normative 
techniques  rather  than  exploratory  techniques. 

A  further,  similar,  curve  is  the  learning  curve.  This  is  widely 
understood  and  relates  the  cost  of  a  product  or  the  time  taken  to 
produce  a  design  to  the  number  (experience)  already  produced. 

Cyclic  behaviour  is  also  widely  used  in  forecasting  [13].  The 
basic  time  series  (Kondriatieff)  cycle  relies  on  the  extraction  of 
several  deterministic  coefficients,  with  varying  time  constants 
[17]  such  that: 


Y  =  TSCI  (4) 

Where  Y  is  the  observed  variable,  T  is  the  trend  (obtained  by  long 
term  smoothing  of  Y),  S  is  the  seasonal  variation  (obtained  from 
the  de-trended  observations  Y/T),  C  is  the  cyclic  variation 
(obtained  from  the  de-trended,  de-seasonalised,  data  by 
smoothing),  and  I  is  the  irregular  component  -  the  noise  residue. 

Various  statistical  packages,  such  as  SAS  (Statistical  Analysis 
System)  contain  a  variety  of  similar  and  related  techniques  such  as 
the  powerful  Box- Jenkins  technique. 

Precursor  trend  analysis  was  briefly  discussed  above.  As  well  as 
using  product  and  related  data  for  this,  common  monitoring  data 
comes  from  patent  or  scientific  literature  monitoring  or 
organizational  monitoring.  One  (large)  organisation  known  to 
the  authors  has  a  generally  close  working  relationship  with 
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another  (large)  organisation,  to  the  extent  that  there  are  many 
discussions  between  staff  in  the  respective  research  departments. 
However,  one  indicator  of  a  ‘big  push’  is  the  fact  that  the  labs  of 
the  second  organisation  become  increasingly  difficult  to  get  into 
and  staff  become  less  communicative.  This  is  currently  the  case, 
with  staff  of  the  first  company  currently  speculating  what  this  is: 
patent  applications  and  scientific  literature  monitoring  have  given 
them  a  good  idea  about  what  is  being  prepared  for  launch. 

3.2  Normative  Techniques 

Normative  techniques  usually  concentrate  on  obtaining  and 
making  sense  of  expert  opinion.  Some  common  approaches  to 
this  are  discussed  in  this  section.  Normative  techniques  are 
possibly  more  prone  to  effects  of  the  investigator’s  research 
paradigm  than  exploratory  techniques  and  acknowledgement  of 
such  is  generally  beneficial.  The  two  key  research  paradigms  are: 

•  Positivistic.  Here  the  researcher  is  testing  an  hypothesis 
and  assumes  that  the  act  of  undertaking  the  research  will 
have  little  impact  on  the  results  -  the  information  exists 
and  the  researcher  is  uncovering  this.  It  is  closely 
related  to  the  general  approach  used  in  engineering 
research  and  development.  A  typical  positivistic 
approach  may  be  to  ask  the  question  “I  want  to  confirm 
or  refute  that  increasing  clock  speeds  of  pcs  drives  the 
upper  frequency  of  twisted  pair  cable” 

•  Phenomenological.  This  acknowledges  that  the 
researcher  may  influence  the  results  of  the  investigation; 
it  was  developed  as  a  reaction  to  the  positivistic,  natural 
science,  approach  where  the  researcher  is  distant  and 
distinct  from  the  research  being  undertaken.  A  typical 
phenomenological  approach  may  be  to  ask  the  question 
“what  factors  are  likely  to  impact  on  the  upper 
frequency  of  twisted  pair  cable?” 

Some  of  the  techniques,  which  can  be  used  in  normative  studies, 
are: 

•  Interviews.  While  interviews  based  on  closed  questions 
may  be  easier  to  undertake,  unstructured  or  semi- 
structured  interviews  may  be  of  more  benefit  in 
investigating  how  the  interviewee  has  developed  the 
view  that  is  being  discussed  and,  as  such,  enable  a  better 
understanding  of  the  phenomena  which  are  regarded  as 
being  significant. 

•  Questionnaires.  The  design  of  these  will  largely  depend 
on  the  designer’s  research  paradigm,  with  a  positivist 
usually  asking  more  closed  questions.  A  good 
questionnaire  will  usually  start  with  questions  about  the 
general  environment  and  move  to  the  specific.  As  with 
the  interviews,  there  may  be  issues  about  sample  size 
that  need  addressing  in  order  to  impart  any  statistical 
certainty  on  the  results. 

•  Nominal  Group  Conferencing.  This  brings  together  a 
small  group  of  experts  who  initially  consider  a  problem 
on  their  own  and  presenting  their  results  to  the  rest  of 
the  group  who  discuss  the  panel  member’s  views  after 
all  solutions/answers  have  been  posted,  and  then  weight 


the  solutions  posted  by  the  other  panel  members.  This 
technique  can  be  particularly  useful  to  elicit  novel  ideas 
and,  when  several  conferences  are  held,  with  different 
groups,  to  identify  strong  themes. 

•  Delphi  surveys.  Panel  approaches  to  identifying 
information  can  suffer  from  ‘weak’  individuals  with 
good  ideas  keeping  quiet  or  ‘strong’  individuals  with 
poor  ideas  dominating  discussions.  The  Delphi 
technique  was  developed  to  overcome  some  of  these 
difficulties.  A  panel  of  experts  are  recruited  and  briefed 
on  the  problem  being  addressed:  they  will  not  know 
who  the  other  panel  members  are.  Their  views  are 
sought  and  their  reply  should  include  timescales  and 
probabilities  in  order  to  ensure  that  all  the  experts  are 
responding  to  the  same  question  (thus  avoiding 
perception  errors).  One  variant  of  the  technique 
requires  the  respondents  whose  values  are  at  the 
extremes  of  the  survey  to  provide  a  reason  for  their 
responses.  The  results  and  the  reasons  are  circulated 
anonymously  to  the  whole  group  for  them  to  revise  their 
initial  responses  if  necessary.  The  final  responses  are 
then  analysed  and  circulated.  Consensus  may  suggest  a 
course  of  action,  but  so  to  does  a  lack  of  consensus, 
indicating  that  further  research  or  analysis  may  be 
required  before  a  decision  is  taken. 

•  Relevance  trees.  These  start  with  a  desired  objective 
and  work  back  to  the  projects  which  can  be  undertaken, 
or  the  factors  which  need  to  be  present,  in  order  for  this 
objective  to  be  realized. 

•  Morphological  analysis.  This  is  a  technique,  which 
encourages  the  identification  of  alternative  technical 
objectives  to  a  current  or  planned  system.  It  does  this 
by  creating  a  grid  in  which  the  key  features  of  the 
system  are  listed  in  a  column  and  rows  are  created 
which  list  possibly  ways  of  achieving  each  single 
objective.  The  matrix  is  then  scanned  for  new 
permutations  of  solutions  to  the  main  features  and  each 
of  these  is  then  analysed  for  feasibility. 

•  Impact  analysis.  Panel  based  impact  analysis  can  be 
used  to  identify  the  effects  of  a  technical  development 
on  the  business  as  a  whole  or  society  in  general.  The 
process  is  iterative  and  starts  with  a  central  proposition 
and  the  immediate  impact  of  this  is  noted,  then  the  next 
level  of  impacts  is  identified  (as  a  result  of  the  first  level 
impacts).  The  process  may  be  repeated  until  a  range  of 
impacts  has  been  identified.  This  can  be  particularly 
helpful  in  analyzing  scenarios.  Cross-impact  analysis 
takes  a  more  introspective  view  of  potential 
developments  and  looks  to  see  what  effect,  if  any,  each 
of  the  possible  changes  will  cause  to  each  of  the  others 

Scenarios  were  mentioned  in  the  introduction  as  a  powerful  tool 
to  build  a  view  of  alternative  futures.  The  knowledge-based  view 
of  the  firm,  combined  with  some  of  exploratory  and  normative 
techniques  can  be  used  to  provide  the  raw  material  from  which  to 
create  the.  The  use  of  relevance  trees  and  impact  analysis  can 
then  assist  the  strategic  management  to  decide  which  of  the 
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possible  options  are  most  appealing  to  the  organization  as  a 
whole. 

One  important  point  about  forecasting  is  that  the  further  into  the 
future  the  forecast  aims  to  look,  the  more  important  it  is  to  attempt 
to  triangulate  the  predictions  or  opinions. 

4.  Examples 

A  number  of  examples  are  presented  here  to  look  at  the  way  in 
which  some  of  the  exploratory  techniques  can  be  applied.  In 
some  cases,  the  examples  have  been  taken  from  the  WWW  to 
allow  easy  further  investigation  of  the  approaches  used. 

4.1  Pearl  versus  exponential 

Reference  [14]  presents  the  reduction  in  the  average  cell  size  for 
cellular  radio  systems  (1st  generation)  using  data  from  four  years 
to  predict  the  general  reduction.  The  argument  for  using  such  an 
approach  is  that,  generally,  technological  developments  follow  an 
exponential  pattern  of  development.  In  this  reference,  Vanston 
uses  the  Pearl  curve  (equation  1)  and  provides  the  coefficients. 
The  original  data  is  given  in  table  1 . 

Table  1  average  ‘mobile’  cell  size  approximate  values  from  [14] 


Year 

Average  cell  size 
(miles) 

1984 

10 

1985 

6 

1986 

4.5 

1987 

3.5 

are  almost  indistinguishable,  whereas  the  differences  after  half  a 
decade  are  significant,  and  potentially  costly. 


.  Pearl  curve 

--o--  original  data 

Figure  2  Comparison  of  Pearl  curve  and  exponential  fit  to 
original  data 

While  both  the  exponential  and  Pearl  curves  fit  the  early  data  very 
well,  there  is  an  expectation  that  the  values  used  are  precise. 
There  will  be,  however,  some  tolerance  on  both  the  size 
measurements  and  the  time  value  -  this  has  not  been  taken  into 
account  with  Figure  2.  Figure  3  shows  the  effect  of  assuming  a 
20%  tolerance  on  the  measurement  values  (using  the  Pearl  curve). 
The  effect  of  this  uncertainty  can  clearly  be  seen,  with  an  average 
cell  size  limit  projection  of  0.81  to  1.18.  More  specifically,  if  a 
strategic  aim  depended  on  a  cell  size  of,  for  example,  2.5  miles, 
the  20%  tolerance  on  measurements  would  result  in  a  time 
difference  of  approximately  3  years. 


The  proposed  curve  fitted  parameters  give  rise  to  the  predictive 
equation: 


1 

y  ~  i  _  o.9e“0097696'  (5) 

This  predicts  an  average  minimum  cell  size  of  1  mile.  If, 
however,  a  simple  exponential  development  had  been  assumed, 
the  picture  would  be  quite  different  and  an  average  minimum  cell 
size  of  nearly  three  miles  would  be  expected.  An  exponential  of 
the  form  of  equation  6  was  used  with  the  parameters  a  =  15.8,  b  = 
-0.81  and  c  =  2.96 


y  =  aebt  +  c 


(6) 


The  implications  for  deployment  or  development  strategies  are 
clear.  Figure  2  illustrates  this  difference  projecting  forward  a 
further  six  years  from  the  end  of  the  data.  The  original  data  is 
included  in  the  graph.  It  will  be  noted  that  the  initial  differences 
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Figure  3  Illustration  of  the  effects  of  tolerances  in  measurements. 
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To  give  some  idea  of  the  value  of  adopting  the  Pearl  rather  than 
exponential  curve,  a  typical  cell  size  in  the  mid  1990s  was  of  the 
order  of  1 .2  miles,  close  to  the  values  predicted  by  the  Pearl  curve 
but  less  than  half  the  value  predicted  by  exponential  decay.  (There 
is  a  health  warning  with  this  figure  however,  as  it  depends  on 
geography  and  power,  and  it  does  not  take  into  account  any  step- 
change  developments  in  technology.) 


4.2  Mobile  phone  adoptions 

A  study  [18]  looked  at  the  rate  of  adoption  of  mobile  phones  in 
Portugal.  The  study  noted  the  S-shaped  adoption  profile  and 
projected  that  2/3  of  the  population  would  eventually  have  a 
mobile  phone.  In  their  review  of  the  data,  they  applied  both 
Gompertz  and  the  logistic  (Pearl  /  Fisher-Pry)  approaches.  It  was 
observed  that  the  Gompertz  approach  suggested  that  the  saturation 
level  would  be  12.5  Million  mobile  phones.  However,  the 
population  is  only  10  Million!  A  previous  study  [19]  reported  in 
[18]  also  used  Gompertz  and  projected  a  saturation  level  of  13 
Million  subscribers.  The  authors  of  [  1 8]  suggested  that  the  curve 
fitting  used  was  assuming  the  data  provided  represented  the 
exponential  phase,  whereas,  in  reality,  the  data  had  gone  past  the 
point  of  high  growth.  Reference  [19]  used  a  normative  approach 
to  predict  that  approximately  70%  of  the  population  would  own  a 
mobile  phone  and  reference  [18]  used  the  logistic  curve  to  reach  a 
similar  conclusion. 

While  the  authors  of  [18]  suggest  a  mathematical  reason  for  the 
poor  data  correlation,  it  could  be  argued  that  the  Gompertz  model 
is  philosophically  ill  suited  to  such  a  study  (but  the  logistic  curve 
is).  The  reason  for  this  is  that  Gompertz  models  mortality  effects 
better,  that  is,  initially  high  growth  but  with  a  long  tail-off  to 
saturation  -  from  a  consumer  perspective,  people  will  only  buy 
something  new  when  their  current  device  fails.  Until  recently, 
mobile  phones  were  generally  bought  to  replace  others  because  of 
their  improved  features/size/battery/aesthetics.  Such  purchases 
are  best  modeled  by  a  Fisher-Pry  approach.  The  recent  decline  in 
the  sales  of  new  mobile  phones  may  indicate  that  a  Gompertz 
model  may  now  be  more  appropriate;  however,  there  is  always  the 
promise  of  the  ‘killer  bundles’  associated  with  third  generation 
systems  that  will  encourage  people  to  update  their  handsets. 
Should  this  happen,  the  lesson  from  Portugal  may  be  not  to  use 
Gompertz  where  purchasers  are  actually  discarding  the  old  for  the 
new  rather  than  replacing  the  old  with  the  new.  (One  interesting 
forecasting  exercise  would  be  to  predict  the  future  of  3G,  but  this 
is  beyond  the  scope  of  this  paper). 

It  is  interesting  to  note  that  by  the  end  of  2001,  on  average,  100 
people  in  Portugal  owned  77.3  mobile  phones  [20].  The  headline 
prediction  of  the  model  had  clearly  underestimated  the  ownership, 
however,  it  is  not  clear  whether  the  authors  of  [19]  had  done  a 
sensitivity  analysis  to  provide  some  bounds  for  their  projection. 


4.3  Copper  cable 

The  maximum  frequency  of  copper  communication  cables  was 
reported  in  [21]  as  following  the  trend  shown  in  Figure  4.  It  is 
interesting  to  note  the  slight  dog-leg  in  the  early  1990s.  However, 
a  simple  curve  fit  projects  that  10GHz  will  be  achieved  by  2005. 


J.9M03,  >'ear+1969J.»S<103J 

Figure  4  Copper  cable  maximum  frequency  in  GHz 


Adding  into  this  data  that  7GHz  was  possible  by  2001  results  in 
Figure  5,  which  includes  the  trend  line.  The  implication  of  this  is 
that  100GHz  will  be  possible  by  2010. 


J.9M03,  year+l 969, t+ 1969 
Figure  5  Trend-line  extrapolation  for  copper  cable 


Figure  4  was  based  on  the  date  of  announcement  of  frequencies. 
Difficulties  in  gaining  confidence  in  this  data  are  primarily  due  to 
publication  delays.  Without  original  data  to  discuss,  could  the 
dog-leg  in  the  early  1990s  simply  be  due  to  publication 
difficulties? 

The  data  used  in  Figure  5  was  also  used  as  the  early  data  for  both 
the  logistic  and  Gompertz  equations,  using  CurveExpert  1.3  [22]. 
The  Gompertz  approach  gave  the  data  illustrated  in  Figure  6,  the 
x-axis  shows  the  date  as  years  from  1969.  The  result  of  this  is 
that  copper  communication  channels  would  be  expected  to  reach 
approximately  850  GHz  -  in  about  100  years  time.  Closer  to  the 
present  day,  it  suggests  that  40GHz  will  be  achievable  by  2010. 

However,  the  projections  being  made  are  clearly  using  early  data, 
this  is  evidenced  from  a  sensitivity  analysis  of  the  last  point  being 
used  (which  was  a  clear  estimate).  A  20%  decrease  in  speed  leads 
to  a  10%  decrease  in  2010  but  a  20%  increase  leads  to  a  100% 
increase  in  2010. 

By  comparison,  the  logistic  approach  suggested  that  the  maximum 
copper  speed  will  be  an  order  of  magnitude  below  the  Gompertz 
projection:  a  clear  lesson  in  careful  application  of  extrapolation 
techniques. 
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Years  from  1969 


Figure  6  Gompertz  projection  of  copper  based  channel  speeds 


Figure  7  shows  the  history  of  backbone  bandwidth  in  Gbit/s. 
Superimposed  on  the  original  data  are  both  the  Gompertz  and 
logistic  curve  projections. 
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Figure  7  Projections  of  backbone  data  rate. 


As  a  result  of  this,  applying  a  logistic  curve  to  categories  2-6 
suggests  that  the  maximum  frequency  of  UTP  cable  is 
approximately  450MHz.  This  is  shown  in  Figure  8. 
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Figure  8  UTP  capacity  prediction  based  on  issued  standards,  data 
rate  in  MHz  versus  years  from  1980. 


The  data  presented  in  Figure  7  shows  the  sigmoid  of  UTP,  on  top 
of  which  is  the  start  of  the  sigmoid  for  STP.  The  question  now  is 
what  is  the  projected  upper  frequency  of  STP?  It  was  suggested 
earlier  that  the  combination  of  sigmoids  is,  itself,  a  sigmoid.  The 
assumption  is  now  made  that  the  data  point  for  category  6  can  be 
ignored  from  the  envelope  and  that  category  7  should  have  been 
introduced  a  couple  of  years  earlier.  With  these  assumptions  in 
place,  the  Fisher-Pry  approach  suggests  that  the  maximum 
shielded  twisted  pair  frequency  will  be  1.5GHz  and  Gompertz 
suggests  that  it  will  be  2.6GHz.  What  is  not  clear  for  the  purpose 
of  this  paper  is  the  reasons  for  choosing  which  of  the  two  models 
to  select.  Either  way,  a  figure  of  the  order  of  2GHz  would  seem  a 
reasonable  estimate  without  a  step  change  in  the  technology  base. 


The  Gompertz  model  of  a  saturation  level  of  about  9.5  Gbit/s  is 
close  to  the  general  opinion  that  lOGbit/s  is  the  backbone  limit  for 
Ethernet.  The  solution  to  higher  throughput  requirements  will 
probably  be  to  change  technologies.  Perhaps  a  key  to  the  general 
accuracy  of  this  model  is  that  the  data  supplied  goes  beyond  the 
50%  saturation  level,  so  the  projection  is  not  being  made  from  the 
early  data 

Figure  8  looks  at  the  data  for  the  operational  frequency  of  twisted 
pair  cable  as  a  function  of  year  of  issue  of  the  appropriate 
standard,  the  first  point  is  category  2  and  the  last  is  category  8 
with  an  estimated  issue  date  of  2004.  The  x  axis  uses  1980  as  the 
origin.  This  data  has  been  used  as  it  combines  technical, 
economic  and  political  factors,  rather  than  just  dealing  with  the 
technical.  It  is  conjectured  that  this  study  may  provide  some 
indication  of  the  future  path  of  twisted  pair.  The  interesting 
feature  is  the  coincidence  of  categories  6  and  7.  One  way  of 
looking  at  this  data  is  that  Category  6  is  the  end  of  the  UTP 
technology  and  category  7  was  therefore  delayed  in  its 
introduction  due  to  the  debates  regarding  standards. 


5.  Conclusions 

This  paper  has  presented  a  quick  tour  of  some  key  forecasting 
techniques  and  has  attempted  to  link  them  to  a  knowledge 
management  perspective. 

Examples  have  been  presented  to  illustrate  the  operation  of  the 
techniques.  While  the  data  is  generally  widely  available, 
extrapolation  techniques  have  been  used  to  provide  additional 
knowledge.  In  some  cases,  the  fixture  of  systems  has  been 
anticipated  prior  to  the  analysis  presented  in  this  paper,  in  this 
case,  the  extrapolations  provide  useful  triangulation  for  the 
normative  approaches  which  have  identified  some  limits.  Other 
cases  have  used  more  recent  data  to  verify  the  performance  of 
previous  studies. 

In  general,  the  extrapolation  techniques  used  (Fisher-Pry  (logistic, 
Pearl)  and  Gompertz)  have  demonstrated  their  potential  for 
predictions.  It  was  suggested  at  the  beginning  of  the  paper  that 
scenarios  are  a  powerful  strategic  tool,  and  the  forecasting 
techniques  discussed  in  this  paper  can  provide  substantial  input  to 
these.  Combining  the  issues  on  knowledge  management  and 
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forecasting  itself,  the  following  points  should  also  be  investigated 

where  possible,  or  their  absence  acknowledged. 

•  Triangulation.  Comparing  the  predictions  of  two  or 
more  independent  forecasts  provides  information  rather 
than  data. 

•  Challenge  assumptions.  Identifying  and  acknowledging 
assumptions  is  the  key  to  overcoming  them. 

•  Sensitivity  analysis.  There  will  almost  always  be  a  level 
of  approximation  in  the  recording  of  both  the  dependent 
and  independent  variables.  A  sensitivity  analysis  can 
add  bounds  to  the  predicted  data,  which  can  be  useful  in 
the  generation  of  specific  forecasts,  in  triangulating 
forecasts  or  in  creating  scenarios. 
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Abstract 

This  paper  addresses  the  following  wire  and  cable  related  topics; 

1  -  New  proposals  and  adopted  changes  to  UL’s  wires  and  cable 
standards  that  have  taken  place  since  the  2001  IWC S/Focus. 

2  -  Where  the  Tri-National  (Canada,  Mexico,  and  USA) 
Standards  Harmonization  work  stands  on  the  four  (Thermoplastic- 
Insulated  Wire,  Thermoset-Insulated  Wire,  Flexible  Cords,  and 
Test  Methods)  Standards  currently  being  created. 

3  -  National  Fire  Code  Issues. 

4  -  NEC  Issues. 

5  -  Other  issues  of  interest  such  as  Limited  Combustible  Cables. 
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Abstract 

What  happens  when  existing  cabling  systems  can’t  keep  pace  and 
meet  expectations? 

As  it  is  today,  unshielded  twisted  pair  (UTP)  cabling  is  the  most 
common  choice  of  end-users  in  North  American  markets. 
However,  some  questions  have  already  emerged  regarding  the 
ability  of  an  unshielded  cabling  system  to  offset  electromagnetic 
interference  (EMI)  as  bandwidth  performance  is  pushed  to  its 
limits.  For  this  reason,  shielded  twisted  pair  (STP)  cabling  might 
be  considered  a  better  alternative  to  ensure  long-term  system 
integrity  and  performance.  Shielded  cabling  has  been  popular  for 
some  time  in  Europe  and  in  other  parts  of  the  world  because  of  its 
effectiveness  in  environments  with  excessive  electromagnetic 
noise,  such  as  airports,  electrical  power  plants  and  hospitals,  as 
well  as  where  data  security  is  vital,  such  as  brokerage  houses. 

This  presentation  will  review  the  differences  between  UTP  and 
STP  cabling  and  the  issues  relevant  to  a  possible  shift  toward  STP 
in  North  America. 

Keywords 

Cabling;  performance;  standards;  shielded  twisted  pair;  unshielded 
twisted  pair;  STP;  UTP;  fiber;  electromagnetic  interference; 
performance;  and  bandwidth. 

1.  Introduction 

As  it  is  today,  unshielded  twisted  pair  (UTP)  cabling  is  the  most 
common  choice  of  end-users  in  North  American  markets. 
However,  some  questions  have  already  emerged  regarding  the 
ability  of  an  unshielded  cabling  system  to  offset  electromagnetic 
interference  (EMI)  as  bandwidth  performance  is  pushed  to  its 
limits.  For  this  reason,  shielded  twisted  pair  (STP)  cabling,  the 
preference  of  many  foreign  countries,  might  be  considered  a  better 
alternative  to  ensure  long-term  system  integrity  and  performance 
because  of  its  proven  effectiveness  of  EMI  protection  [1], 
Nonetheless,  the  decision  is  not  a  simple  one.  There  are  several 
issues  to  consider  when  planning  for  what  type  of  cabling  system 
end-users  will  want  in  the  future  for  optimal  performance. 
Advantages  and  disadvantages  of  each  have  been  uncovered 
under  certain  conditions  and  history  itself  may  prevent  a  shift  in 
end-user  habits  and  preferences. 

2.  Main  Body  of  Submission 

2.1  Historical  and  geographical  perspective 

STP  cable  has  long  faced  an  uphill  battle  against  UTP  in  North 
America  simply  because  a  large  majority  of  homes  and  businesses 
were  originally  outfitted  many  years  ago  with  UTP  for  telephone 
communications,  and,  as  with  most  anything,  people  generally 
stick  with  what  they  know  and  what  they  have  [2].  Moving 
forward,  when  demand  for  Ethernet  communication  capabilities 


was  first  forecasted  in  North  America,  cabling  manufacturers 
chose  to  work  with  the  familiar  UTP  to  achieve  the  desired 
performance  results  and  quickly  demonstrated  that  it  could  handle 
the  load.  EMI  was  not  originally  as  much  of  a  concern  to  North 
American  manufacturers  or  end-users  as  was  bandwidth  and  speed 

[3]. 

The  same  is  true  of  Australia,  Italy,  Spain  and  a  majority  of  the 
Asia  Pacific  region  [2]. 

North  America’s  first  cabling  performance  standard,  The 
Commercial  Building  Telecommunications  Cabling  Standard, 
EIA/TIA-568,  contributed  to  UTP  being  the  historical  choice 
upon  its  publication  in  1991.  It  inadvertently  set  the  precedent  of 
cabling  choice  on  the  continent  for  years  to  come,  as  the  standard 
identified  and  approved  UTP  for  cabling  networks  [2].  It  was  at 
this  time  that  the  industry  truly  realized  how  the  standards 
development  process  influences  the  choices  of  end-users. 
Unshielded  cabling  was  purchased  almost  as  quickly  as  it  could 
be  produced  once  the  standard  was  in  place.  By  the  time  a 
revision  was  published  in  1995,  it  was  too  late  for  a  shielded 
alternative  to  gain  ground  on  its  unshielded  counterpart.  Many 
end-users  during  these  times  did  not  even  realize  they  had  the 
option  of  shielded  or  unshielded  systems. 

Conversely,  the  mitigation  of  EMI  has  long  been  a  concern  of 
many  European  countries,  much  more  so  than  in  North  America. 
Accordingly,  shielded  cabling  was  the  initial  choice  in  foreign 
countries  and  still  remains  the  desired  option  for  environmentally 
conscious  countries,  like  Germany. 

Fortifying  this  along  the  years  has  been  the  implementation  of 
many  government-enforced  electrical  emissions  limitations  on 
post,  telephone  and  telegraph  (PPT)  inside  buildings  [4].  In  fact, 
Germany-based  employers  can  currently  be  held  accountable  for 
employees’  medical  costs  if  they  develop  an  ailment  that  can  be 
traced  to  stray  emissions  from  unshielded  cabling.  Other 
countries  that  have  historically  installed  STP,  and  continue  to  do 
so,  include  France,  Switzerland  and  Austria  [3].  North  American 
manufacturers  of  STP  cabling  should  consider  taking  advantage 
of  these  markets’  potential. 

2.2  EMI  protection 

UTP  and  STP  are  essentially  the  same.  Both  contain  multiple 
pairs  of  twisted  copper  wire  and  each  twisted  pair  is  encased  in  an 
insulated,  color-coded  jacket.  The  goal  of  each  is  to  provide 
reliable  connectivity  of  electrical  equipment,  but  the  way  each 
provides  protection  from  EMI  is  very  different.  To  pass 
requirements  of  low  EMI  rates,  STP  cabling  primarily  relies  on  its 
shield  and  UTP  cabling  relies  on  proper  balance  and  filtering 
techniques  [3]. 

However,  UTP’s  ability  to  offset  EMI  as  bandwidth  is  pushed  to 
its  limits  is  still  somewhat  unclear  and  something  of  a  design 
“catch  22.” 
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UTP  has  long  provided  EMI  protection  by  varying  the  length  of 
the  twists  in  nearby  cable  pairs.  However,  when  increased 
performance  levels  were  desired,  the  wire  pairs  had  to  be  twisted 
tighter  and  tighter  to  achieve  the  optimal  results.  It’s  now  known 
that  twisting  of  the  pairs  is  only  effective  against  EMI  up  to  30 
MHz.  At  higher  frequencies,  EMI  signals  that  come  in  contact 
with  the  cable  increase  the  bit  error  rate  (BER)  and  consequently 
slow  down  the  network  [2]. 

To  help  improve  EMI  protection  of  UTP  at  higher  frequencies, 
many  installers  currently  implement  some  degree  of  physical 
separation  between  cabling  runs,  power  lines  and  other  electrical 
equipment,  but  again,  beyond  30  MHz,  EMI  protection  is  not 
secure  [2].  Manufacturers  can  help  by  providing  physical 
separation  guidelines  to  end-users  and  installers  with  equipment 
purchases.  Using  a  shielded  system  is  the  preferred  alternative  for 
better  EMI  protection,  but  several  factors  can  also  sway  its 
effectiveness  and  market  popularity. 

STP  has  been  prevalent  for  some  time  in  various  parts  of  the 
world  because  of  its  effectiveness  in  environments  with  excessive 
electromagnetic  noise,  such  as  airports,  electrical  power  plants 
and  hospitals,  as  well  as  where  data  security  is  vital,  such  as 
brokerage  houses.  There  are  currently  three  different  forms  of 
cabling  which  provide  EMI  protection  through  shielding  [5]. 
These  are:  the  IBM  cabling  system  at  150-ohms  with  two 
individually  shielded  pairs;  shielded  screened  twisted  pair  at  100- 
ohms  with  individually  shielded  pairs  and  an  overall  shield  that 
covers  all  the  pairs;  and  screened  twisted  pair  or  foil  twisted  pair 
at  100-ohms  with  four  individually  unshielded  pairs  and  an 
overall  shield  that  covers  all  of  the  pairs.  The  term  STP  is  used 
very  liberally  in  North  America,  but  often  refers  to  the  IBM  type 
of  shielded  cabling.  Elsewhere  in  the  world,  the  term  foil  twisted 
pair  is  most  popular  [5]. 

Similarly  to  UTP,  twisting  wire  pairs  provides  protection  from 
EMI  in  STP  up  to  30  MHz.  Beyond  that  frequency,  a  shield  is 
effective  against  EMI  because  its  reflective  barrier  performs  dual 
functions:  preventing  radio  frequency  interference  from  coupling 
with  the  differential  mode  signals  on  twisted  pairs  and  providing  a 
reflective  barrier  that  is  intended  to  prevent  energy  from 
broadcasting  out  of  the  cable.  The  shield  reflects  and  absorbs 
received  noise  when  every  component  within  the  system  is 
seamlessly  shielded  and  properly  grounded  [3]. 

Many  industry  experts  agree  that  the  most  significant  problem 
associated  with  shielded  cable  and  the  reason  it  is  not  used  more 
often  is  the  difficulty  of  maintaining  a  proper  ground.  Improper 
grounding  counteracts  the  benefits  of  a  shielded  cabling  system, 
wherein  the  shield  acts  essentially  as  an  antenna,  converting 
received  noise  into  current  flowing  in  the  shield  [4]. 
Complementing  this  issue  is  the  fact  that  many  cable  installers 
aren’t  familiar  with  shielded  systems  or  how  to  ground  them 
properly  because  the  majority  of  their  career  experience  has  been 
working  with  unshielded  systems.  Finding  an  experienced  STP 
installer  is  key  to  the  effectiveness  of  the  shield  [2]. 

Contributing  to  STP’s  lack  of  popularity  and  use  in  North 
America  and  elsewhere  are  its  potential  size,  installation 
manageability  and  cost.  Shielded  cables  are  often  bulkier  and 
thicker  than  unshielded  cables,  making  these  more  difficult  to 
work  with  in  small  areas,  like  plenum  spaces,  and  possibly 
contributes  to  accidental  damage  of  the  cabling  or  its  shield  if  not 
handled  correctly.  Additionally,  shielded  cabling  is  typically  a  bit 


more  expensive,  primarily  to  cover  the  cost  of  the  “ninth  wire,”  or 
shield.  There  are  more  materials  involved,  so  the  cost  is  a 
reflection  of  that,  but  manufacturers  do  not  necessarily  make  more 
profit  from  STP  than  UTP  [3]. 

2.3  Standards  drive  the  future 

UTP  is  currently  dominating  the  cabling  market,  with  well  over 
15  billion  feet  installed  worldwide,  versus  500,000+  feet  of 
various  shielded  designs  .  However,  the  rise  in  use  of  wireless 
devices  is  certainly  contributing  to  an  increase  in  electromagnetic 
noise  everywhere,  leading  many  to  believe  that  shielded  or  fiber- 
based  systems  will  be  a  necessary  alternative  if  high  performance 
levels  are  to  be  maintained  [3]. 

Contributing  to  this  possible  shift  is  current  activity  on  technical 
committees  of  the  Telecommunications  Industry  Association 
(TIA)  and  the  International  Electrotechnical  Commission  (IEC). 
For  example,  the  IEC  has  been  considering  a  category  7/class  f 
system  specification  that  will  specify  bandwidth  to  600  MHz, 
three  times  that  of  category  6  [3].  To  satisfy  this  requirement, 
most  agree  that  a  shielded  solution  will  be  necessary.  And, 
although  the  TIA  is  not  currently  working  on  a  category  7 
standard,  it  has  implied  that  performance  beyond  category  6  will 
not  be  satisfied  with  unshielded  solutions.  Both  the  TIA  and  IEC 
have  also  generated  committees  to  develop  new  industrial  cabling 
standards  for  use  in  areas  of  high  EMI  [2]. 

The  European  Union  is  currently  considering  the  addition  of  a 
regulation  for  electromagnetic  performance  to  its  EMC  Directive 
for  passive  cabling  components.  There  is  also  a  good  chance  that 
the  Federal  Communications  Commission  may  adjust  its  own 
radiated  emissions  regulations  as  electromagnetic  noise  increases 
due  to  increased  usage  of  wireless  devices  [2]. 

3.  Conclusion 

Given  the  standards  development  work  and  the  previously 
mentioned  disadvantages  of  STP,  fiber  will  be  the  long-term 
choice  of  end-users  worldwide,  as  it  is  not  affected  by  EMI,  under 
any  conditions.  However,  STP  is  less  expensive  than  fiber,  so 
there  is  a  chance  for  it  to  gain  market  share,  especially  with  strong 
marketing  initiatives  and  industry  education. 
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Abstract 

By  the  end  of  2002,  the  worldwide  market  for  fiberoptic  cable  will 
have  dropped  about  30%  from  its  peak  year  in  2000.  The  rapid 
growth  before  this  drop,  and  the  two-year  drop  itself  are  both  the 
result  of  a  complex  group  of  business,  technical,  and  regulatory 
factors.  This  talk  will  summarize  several  of  these  factors  and 
scenarios  for  when  the  market  will  resume  a  positive  growth 
trend. 

The  viewgraphs  will  include  market  data  to  show  where  the  fiber 
was  installed — in  what  regions  and  in  what  applications. 
Historical  data  will  be  shown  to  discuss  whether  the  recent  market 
swing  can  be  analyzed  in  terms  of  cyclical  trends  seen  in  other 
industries.  This  data  will  show  that  the  long-distance  sector  has 
been  the  most  volatile,  and  that  several  one-time  phenomena 
drove  demand  in  the  late- 1990s  that  probably  will  not  be 
duplicated  again  -  at  least  not  in  Western  Europe  and  North 
America. 

Shorter-distance  applications,  however,  did  not  track  closely  with 
the  aggressive  investments  in  long-distance  applications.  The 
most  recent  trend,  however,  is  that  Internet  applications  are 
contributing  to  increasing  pockets  of  demand  for  fiber-in-the-loop 
(FITL)  for  business  and  residential  communities.  The  talk  will 
cover  the  potential  impact  of  these  FITL  applications  on  the  future 
fiberoptic  cable  market. 

Such  shifts  in  the  mix  of  applications  and  other  market 
developments  will  have  an  impact  on  the  type  of  fiber  and  cable 
being  produced.  The  talk  will  look  at  the  mix  of  fiber  types  in  the 
cable  market  and  highlight  the  demand  for  higher-performance 
fiber  versus  conventional  single-mode  fiber  (G.652).  Finally, 
these  factors  are  all  having  an  impact  on  prices,  and  the  data  will 
include  charts  to  show  the  recent  trends  in  average  prices.  The 


market  has  entered  a  period  of  strong  pressure  to  lower  prices,  and 
this  is  contributing  to  the  drop  in  market  value. 

Keywords 

Fiberoptic  Cable,  FITL,  Single-Mode  Fiber,  Multi-mode  Fiber 
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Abstract 

This  paper  will  determine  the  magnitude  and  timing  of  the 
downturn  in  the  global  fiber  optic  business  during  2001  and  2002. 
It  will  assess  both  the  scale  and  timing  of  the  downturn  on  the 
world’s  major  regional  markets  -  North  America,  Western 
Europe,  Rest  of  the  World  and  Asia.  The  impact  of  these 
developments  of  the  financial  performance  of  the  sector  will  also 
be  briefly  addressed.  This  paper  will  also  quantify  recent 
developments  in  Japan,  currently  one  of  the  world’s  largest 
national  market  for  fiber  optic  cables.  The  likely  outturn  for  the 
global  market  in  2002  will  then  be  assessed  along  with  factors 
likely  to  influence  recovery  prospects. 
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Introduction 

Thank  you  very  much  for  the  invitation  to  present  at  this  year’s 
IWCS/Focus  Symposium.  My  name  is  Jon  Barnes,  and  I  am  the 
Managing  Consultant  of  the  Wire  &  Cable  Research  team  at  CRU 
International.  The  title  of  my  talk  today  is  Global  Market  Trends  in 
Fiber  Optic  Cable  and  Optical  Fiber  and  covers  four  main  areas;  - 

1)  Global  &  Regional  Trends  &  Indicators 

2)  Asian  Growth  -  Focus  on  the  Japanese  Market 

3)  Impact  of  Global  Downturn  on  Sector  Financials,  and 

4)  Conclusions  &  Points  to  Watch 

Main  Body 

Global  &  Regional  Trends  &  Indicators 

Telecom  Investment  &  GDP 

Let  us  begin  by  looking  at  the  global  relationship  between  GDP  and 
total  Telecom  Investment.  If  we  compare  annual  growth  rates  in 
nominal  US$  terms  over  the  past  decade  we  see  that,  at  the  very 
least,  there  has  been  a  strong  coincident  relationship.  Telecom 
investment  growth  has  been  higher,  and  has  tended  to  outperform 
strongly  towards  the  peak  of  the  economic  cycle.  However,  the 
relationship  appears  to  have  seriously  broken  during  2001  and  2002 
when  we  have  a  major  discontinuity,  with  a  big  collapse  in  the 
global  rate  of  telecom  investment  relative  to  GDP.  We  expect  a 
sizeable  recovery,  albeit  from  a  much-reduced  base  in  2003. 


World  Fiber  Optic  Cable  Demand  Trends 

World  fiber  optic  cable  demand  enjoyed  uninterrupted  year-on-year 
growth  in  quarterly  consumption  volume  until  Q2  2001.  Q3  posted 
a  modest  decline,  but  thereafter  the  rate  of  decline  accelerated 
culminating  in  50%  year-on-year  decline  in  Q2  2002.  This  was  as 
much  to  do  with  an  unfavorable  comparison  to  the  heights  of  the 
previous  year.  Since  then,  at  least,  the  rate  of  decline  has  not 
deteriorated  further,  and  may  indeed  be  edging  towards  parity  with 
depressed  prior  year  levels  in  Q4  2002. 

Regional  Fiber  Optic  Cable  Demand  Trends 

A  regional  comparison  of  these  quarterly  volumes  indicates  that 
North  America  was  the  first  to  enter  recession,  followed  by  Europe 
not  long  afterwards.  The  magnitude  of  the  decline  was  in  both  cases 
particularly  severe.  Asia  and  the  Rest  of  the  World  only  entered 
recession  at  the  beginning  of  2002  and  will  have  to  endure  several 
more  quarters  before  they  emerge.  Even  so,  we  do  not  expect 
demand  to  fall  as  far  from  the  peak  as  in  North  America  and  Europe 
thereby  cementing  Asia’s  growing  relative  importance. 

Indicators  —  World  Trade  Flows 

One  indicator  that  I  find  useful  to  track  is  the  monthly  trend  in  the 
dollar  value  of  trade  in  optical  fiber  and  fiber  optic  cable.  I  think 
this  quite  nicely  illustrates  three  central  points.  Firstly,  the  huge 
influence  of  China  in  the  second  half  of  2001  in  supporting  the 
world  market  after  the  slowdown  in  North  America  and  Europe; 
Secondly,  the  sharp  deceleration  in  the  world  market  from  Q4  2001, 
And  finally,  as  the  rate  of  decline  is  no  longer  accelerating,  and  may 
be  decelerating,  that  the  prospects  of  recovery  are  not  too  far  ahead. 

Indicators  -  Spot  Optical  Fiber  Prices 

However,  whatever  the  prospects  for  the  future  in  the  here  are  now 
spot  prices  for  optical  fiber  are  languishing  at  severely  depressed 
levels.  Prices  would  have  undoubtedly  fallen  further  but  for 
voluntary  capacity  idling,  and  the  maintenance  of  high  perform 
prices  by  Shin-Etsu,  although  this  in  its  own  way  has  not  been 
without  its  implications. 

Asian  Developments  -  Japanese  Market  Focus 

Japan  National  Profile 

Let  me  begin  with  a  brief  profile  of  Japan,  drawing  out  some  factors 
that  are  relevant  to  fiber  optic  cable  market  situation.  Despite 
having  only  4%  of  the  land  area,  Japan  is  around  half  the  size  of  the 
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USA  in  measures  of  population  and  GDP,  and  has  a  GDP  per  capita 
only  10%  lower.  However,  the  country  has  however  had  persistent 
economic  problems  since  the  boom  of  1990/91.  Japan  is  very 
mountainous  and  as  a  result  the  majority  of  the  population  live  in 
densely  packed  conurbations  on  the  coastal  plains.  The  two  main 
centers  of  Tokyo  and  Osaka  are  only  600km  apart. 

Japanese  society  is  very  homogenous  and  still  emphasizes  collective 
goals  over  individual  achievement.  But  this  is  changing  in  business, 
and  even  faster  in  society  as  a  whole.  The  economy  has  generally 
been  perceived  to  be  slower  to  adopt  the  IT  revolution  than  its 
neighbors  and  main  competitors.  This  has  now  been  countered  by 
the  embracing  of  the  e-Japan  initiative  to  transform  society. 
Telecom  industry  privatization  has  been  under  way  for  some  years. 
The  number  of  Type  I  carriers  who  are  authorized  to  build  networks 
has  climbed  from  5  to  330  in  the  last  1 5  years. 

Japan  Cable  Market  Characteristics 

So  what  are  the  main  characteristics  of  the  Japanese  optical  cable 
market?  Well,  during  the  last  calendar  year,  volume  growth  was 
very  rapid,  though  has  subsided  during  2002.  Although  clearly  a 
boom,  its  intensity  did  not  match  the  magnitude  of  those  seen  in 
North  America  or  Western  Europe.  Financing  has  been  more  stable 
and  deployment  has  been  more  in  line  with  predicted  traffic  growth. 
Thus  despite  the  slowdown,  volumes  have  held  up  reasonably  well 
this  year.  Growth  was  initially  led  by  long  haul  deployment,  but 
since  October  2001  a  sizeable  proportion  of  demand  has  been 
devoted  to  FTTH  with  the  aim  of  total  national  coverage  by  2005. 

NTT’s  role  and  importance  in  the  market  has  until  very  recently 
been  a  downward  trend.  The  NTT  Group  still  accounts  for  50%  of 
the  market  by  volume,  but  its  influence  is  wider.  Amazingly 
competing  carriers  are  very  reluctant  to  install  cables  that  do  not 
meet  NTT  specifications,  even  if  they  give  that  carrier  a  competitive 
advantage!  This  is  one  of  the  reasons,  along  with  shorter  distances, 
why  NZDS  fiber  has  not  been  at  all  widely  adopted.  It  would  be 
hard  to  understate  the  importance  of  customer  service  in  Japan. 
Indeed  this  was  one  of  the  contributing  factors  to  the  Coming- 
Hitachi  Cable  joint  venture  in  Japan.  As  we  shall  see  cabled  fiber 
prices  have  generally  been  on  a  downward  trend.  Slotted  core 
ribbon  designs  dominate,  but  this  is  an  over-simplification.  It  is 
common  practice  for  the  customer  rather  than  the  manufacturer  to 
exactly  specify  the  cable  design.  For  this  reason  the  slot  depths  or 
the  fiber  coloring  is  subtly  different  from  one  customer  to  the  next. 
Consequently  all  cables  are  made  to  order  and  manufacturers’ 
inventories  are  minimal. 

Quarterly  Trend  in  Fiber  Shipments 

If  we  examine  the  quarterly  trend  in  Japanese  optical  fiber 
shipments  we  can  readily  see  that  output  growth  was  initially  driven 
by  a  rise  in  export  sales,  which  was  supplemented  by  growing  sales 
to  domestic  cablemakers.  When  export  sales  slowed  as  the  boom 
subsided  the  slack  was  temporarily  taken  up  by  stronger  sales  to 
cablemakers  as  large-scale  FTTH  began.  Overall  volumes  began  to 


suffer  from  Q1  2002  as  domestic  cable  shipment  growth 
decelerated. 

Cable  Shipment  Trends  by  Customer 

The  Japanese  Cable  Makers’  Association  classifies  cable  demand 
into  4  main  categories:  Public  Telecom  Utilities  (NTT);  Power 
Utilities;  Other  Domestic  Demand  (mainly  NCCs)  and  Exports.  In 
recent  years  demand  from  NTT  has  been  falling  with  its  share  being 
taken  up  by  the  Power  Utilities  and  NCCs,  with  these  latter  two 
groups  mainly  investing  in  long-haul  networks.  From  mid-FY2001 
the  share  of  these  two,  and  particularly  the  NCCs  began  to  decline 
as  FTTC&H  began  to  develop.  NTT  has  been  the  main  customer 
for  cables  of  these  types,  explaining  its  growing  market  share. 

Cabled  Fiber  Price  Movements 

Japanese  cabled  fiber  prices  have  generally  been  following  a  long¬ 
term  downward  trend.  The  exception  was  a  brief  period  in  mid- 
2000  at  the  height  of  the  world  boom  when  cablemakers  were  able 
to  pass  on  modest  increases  to  major  customers.  Average  cabled 
fiber  prices  have  fallen  below  Y  10,000  ($70)  per  flan.  In  the  past 
there  used  to  be  considerable  variation  in  the  prices  paid  by  different 
Japanese  customers.  There  is  now  much  greater  homogeneity,  and 
customers  are  now  more  willing  to  ‘beat  up’  their  suppliers  on  price. 

Impact  on  Cablemakers’  Financials 

As  we  are  all  well  aware,  the  fiber  optics  segment  is  not  the  only 
segment  of  the  global  cable  business  that  has  been  in  recession. 
Metallic  cable  markets  have  also  been  suffering.  In  this  next  slide  I 
have  attempted  to  quantify  the  impact  of  the  recession  on  the 
operating  margins  by  business  segment  of  the  largest  cablemakers. 

As  we  can  see,  the  operating  margins  of  communications  cable 
businesses  have  slumped,  while  energy  cable  margins,  although 
dipping  a  little,  have  not  fared  anywhere  nearly  as  badly.  A  closer 
examination  of  the  operating  margins  on  the  communications  cable 
side  of  the  business  reveals  the  differentially  adverse  impact  on  the 
fiber  optics  segment,  compared  to  copper  telecom  and  datacom. 

Conclusions 

In  the  light  of  regional  market  developments  so  far  this  year,  what 
can  we  expect  as  the  outturn  for  2002?  At  CRU  we  expect  that 
world  cable  market  volumes  will  be  in  the  60-65mfkm  range,  a  30- 
35%  decline  from  the  record  95mfkm  achieved  in  2001.  The 
decline  in  value  has  been  even  more  marked  due  to  lower  fiber 
pricing,  deteriorating  product  mix  and  diluted  margins.  Global  fiber 
optic  cable  sales  are  likely  to  halve  to  $4-5bn  from  $9bn  in  2001 . 

It  appears  that  the  North  American  and  European  markets  are 
stabilizing  at  a  very  low  level  of  activity.  China  is  now  beginning  to 
recover  and  it  is  hoped  that  Japan  will  soon  follow  suit.  World  fiber 
volumes  in  Q4  2002  will  not  be  far  different  from  Q4  2001,  but  it 
currently  seems  that  they  will  still  fall  a  little  short. 

The  pace  of  recovery  in  Asia,  and  particularly  in  China  and  Japan, 
will  be  an  important  point  to  watch,  as  we  can  realistically  expect  no 
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rapid  recovery  in  North  America  and  Europe.  Contractual 
commitments  for  perform  deliveries  from  Shin-Etsu  remain  a 
concern  for  many,  despite  tough  ongoing  negotiations.  In  Europe 
and  North  America  the  complex  issue  of  whether  fiber  installed  in 
bankrupt  carriers  networks  is  lost  forever  or  will  come  back  into 
service  is  a  key  factor  -  this  subject  is  currently  being  investigated 
by  CRU.  Meanwhile  the  substantial  capacity  overhang  in  fiber  and 
cable  looks  likely  to  place  a  ceiling  on  any  price  recovery. 

Thank  you  for  your  attention. 
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Abstract 

China’s  optical  fiber  &  cable  industry  started  in 
middle  of  1970’s,and  now  China  become  one  of  most 
potential  market  over  the  world.  This  paper  describes 
the  history  ,domestic  situations  and  development  trend 
of  optical  fiber  &  cable  industry  in  China.  A  detail 
analysis  on  production  capabilities  and  market 
demands  for  optical  fiber  &  cable  also  give  in  this 
paper. 

Key  Word 

optical  fiber,  optical  cable  ,  industry,  market 

1.  Introduction 

In  early  of  1970s, the  researchers  in  China  has  pay 
much  interesting  in  optical  fiber  telecommunications 
since  Coming  developed  the  first  silica  fiber  with  the 
loss  less  than  20dB/km[1"2].In  1973, as  national  key 
research  institute,  Wuhan  Research  Institute  of  Posts 
&  Telecommunications(WRI)  first  presented  a 
strategy  researching  plan  in  China  about  optical 
telecommunication  which  including  optical  device, 
optical  transmission  equipment  and  optical  fiber 
cable  .Therefore,  WRI  started  making  optical  fiber  by 
MCVD  process  in  1974.  In  late  1978, multimode 
fiber(MMF)  with  grade  index  profile(GI)  in 
compliance  with  CCITT  standards  were  developed. 
The  first  trial  transmission  system  with  GI-MMF  in 
China  was  also  exhibited  in  the  national  science  and 
technology  conference  in  1978.  A  year  later,  the  first 
in-site  optical  fiber  transmission  system  with 
transmission  speed  8.44Mbit/s  and  5.7km  aerial 
optical  cable  was  set  up  by  WRI  in  China,  and  then 
transmission  distance  was  extended  to  7.7km.In 
1981 , optical  fiber  started  to  be  manufactured  using 

Now  Wuhan  Research  Institute  of  Posts  & 
Telecommunications 


MCVD  process  on  large  scale.  The  first  optical  fiber 
transmission  system  was  applied  to  public  service 
networks  in  China  in  1982. This  indicated  that  the 
prelude  for  optical  fiber  telecommunication 
constmction  was  undrew  in  China. 

2.  Optical  Fiber  and  Cable  Industry 

2.1  Optical  Fiber 

As  optical  fiber  telecommunication  construction  was 
outspreaded  in  great  force  in  whole  China,  the 
demands  for  optical  fiber  and  cable  were  enhanced 
increasingly.  In  order  to  meet  such  demands,  the 
China  government  started  investing  to  set  up  optical 
fiber  factories,  such  as  Shanxi  Houma  wire  cable 
factory,  Peking  605  factory,  Shanghai  silica  glass 
factory,  et  al.  All  of  those  factories  imported  MCVD 
equipments  and  technologies  to  manufacture  the 
optical  fiber.  After  a  few  years,  they  are  all  failed, 
except  WRI. 

In  later  of  1980's.  Two(2)  joint  venture  companies 
between  China  and  foreign  were  set  up,  known  as 
YOFC(Yangtze  optical  fiber  &  cable  Co.  Ltd)  and 
Shianfu  optical  fiber  &  cable  Co.  Ltd  .  The  former 
introduced  PCVD  technology  from  Phillips  of  the 
Netherlands  in  1988,  and  the  later  introduced  the  VAD 
technology  from  Furukawa  Electric  Co.,  Ltd.  of 
Japan.  In  1990's,  a  few  new  joint  venture  company 
which  specialty  in  manufacturing  optical  fiber(Only 
drawing  fiber,  perform  were  supplied  by  foreign 
company)  had  been  set  up.  Such  as  Shanghai  Lucent 
(Last  year  ,  Coming  company  got  the  Lucent’s  share 
in  Shanghai  Lucent  and  Peking  Lucent), Nanjing 
Walsin-Fujikura  optical  fiber  Co.  Ltd.  ,  Chengdu 
SEI(CDSEI)  and  Zhejiang  Futong  Showa,etc. 

During  1996-2001, especially  the  fiber  shortage  period 
(1999-2001),  a  few  new  domestic  optical  fiber 
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companies  were  established,  such  as  Hainan  Ruifeng  , 
Nanjing  Twentsche  (known  as  TFO)  ,  Fasten 
Photonics,  Hongkong  Transtech  JeFa  -Alcatel  and 
Tianjing  Tiancai  ,  Shanghai  Huayuan  ,et  al.  There  are 
still  some  projects  to  set  up  fiber  plant  include 
preform  manufacturing  are  undertaking.  Table  1 
show  the  basic  state  of  optical  fiber  companies  in 
China(excluding  the  companies  in  Taiwan  prov.).and 
table  2  estimate  the  whole  production  capacity  in 
China.  It  was  obviously  that  optical  fiber 
manufacturing  industry  have  been  made  greatly 
progress  during  past  20  years,  not  only  in  production 
capacity,  but  also  in  manufacturing  technologies. 


Table  1.  optical  fiber  companies  in  China 


No. 

Company 

Integrality 

Preform 

Technology 

i 

YOFC 

Preform 

,  fiber 

PCVD 

2 

Shanghai 

Lucent 

fiber 

No 

3 

Walsin 

Fujikura 

fiber 

No 

4 

FiberHome 

Preform 

,  fiber 

Inside 

Deposition 

5 

CDSEI 

fiber 

No 

6 

Shianfu 

Preform 

,  fiber 

MCVD/  VAD 

7 

Futong 

Showa 

fiber 

FSVD 

8 

Nan  Jing 
(TFO) 

Preform 

,  fiber 

MCVD 

9 

Fasten 

Photonics 

Preform 

,  fiber 

MCVD 

10 

Tefa  Alcatel 

fiber 

No 

11 

Hongkong 

Preform 

,  fiber 

MCVD 

12 

Hainan 

Ruifeng 

Preform 

,  fiber 

MCVD 

13 

Shanghai 

Huanyuan 

fiber 

No 

14 

Tianjing 

Tiancai 

fiber 

No 

2.2  Optical  Fiber  Cable 

R  &  D  on  the  optical  fiber  cable  was  started  in  early 
1980’s,  the  first  cable  was  designed  as  a  slotted-core 
structure,  utilized  the  wire  cable  manufacturing 
equipment  through  cooperation  in  whole  China.  In  the 


Table  2.  The  production  capacity  of 
optical  fiber  in  China  at  year  2002  and 
2005. (million  km) 


No. 

Company 

2002 

2005 

1 

YOFC 

5.0 

10.0 

2 

Shanghai  Lucent 

2.5 

3.0 

3 

Walsin  Fujikura 

2.0 

3.0 

4 

FiberHome 

1.0 

3.0 

5 

Futong  Showa 

1.0 

3.0 

6 

Tefa  Alcatel 

1.0 

2.0 

7 

CDSEI 

0.5 

2.0 

8 

Nan  Jing  (TFO) 

0.5 

2.0 

9 

Fasten  Photonics 

0.5 

2.0 

10 

Tianjing  Tian  Cai 

0.3 

2.0 

11 

Hongkong 

0.3 

2.0 

12 

Shianfu 

0.2 

1.5 

13 

Shanghai 

Huayuan 

0 

1.0 

14 

Hainan  Ruifeng 

0 

1.0 

others 

0 

2.0 

Total 

14.8 

39.5 

middle  of  1980’s,  optical  fiber  cable  was  applied 
mainly  among  the  switch  terminations  .At  end  of 
1980’s  ,  optical  fiber  cable  with  a  large  amount  was 
serviced  in  backbone  networks. 

As  the  policy  of  open  and  reform  was  transacted  in 
depth,  China  government  started  investment  on 
foundation  facilities.  To  meet  demands  of  optical  fiber 
cable  for  telecommunication  constructing,  a  lot  of 
wire  cable  factories  of  the  state-owner  begun  to 
produce  optical  fiber  cable.  Using  lower  cost  labor, 
some  foreign  companies  such  as  Germany 
Siemens(now  Coming),  Lucent  techno!ogies(  now 
Coming)  begun  to  set  up  the  JV  companies  to 
manufacture  optical  fiber  cable.  At  present,  there  are 
more  than  200  optical  fiber  cable  manufacturers  in 
China.  Also,  the  domestic  cable  factories  can  design 
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and  manufacture  all  kinds  of  optical  fiber  cable  such 
as  center  loose  tube  cable,  stranded  cable,  slotted-core 
cable,  ribbon  cable,  ADSS  ,  OPGW  and  premise 
cable  ,et  al. 

Though  there  are  a  lot  of  optical  fiber  cable  factories 
in  China,  more  than  80%  market  in  China  was  shared 
by  the  top  ten  of  optical  fiber  cable  manufacturers. 
Table  3  shows  the  production  capacity  of  the  top  ten 
optical  fiber  manufacturers.  It  indicates  that  the 
production  of  optical  fiber  cable  is  more  and 


Table  3.  The  production  capacity  of  the 
top  ten  optical  fiber  cable 
manufacturers(10  thousand  kmf)  _ 


No 

Company 

Capacity 

1 

YOFC 

300 

2 

FiberHome 

200 

3 

Peking  Lucent 

150 

4 

CDCCS 

150 

5 

Hengtong 

150 

6 

Yongding 

120 

7 

Zhongtian 

100 

8 

Tefa 

90 

9 

Shanghai  Walsin 

80 

10 

Huiyuan 

80 

Total 

1420 

more  concentrating  in  the  several  big  companies,  the 
supply  amounts  of  total  optical  fiber  cable  is  over  than 
actual  demand  .As  the  top  company’s  brands  are  more 
and  more  famous  in  this  industry,  merging  among 
optical  cable  companies  become  not  reversing  trends 
recently. 

3.  The  Domestic  Market  of  the 
Optical  Fiber  and  Cable 

Going  with  national  telecommunication  construction  , 
the  demand  for  optical  fiber  and  cable  increased 
annually  with  high  rate.  As  a  dominant  customer  in 
China  in  past  year,  China  telecommunication  has 
finished  the  construction  of  optical  cable  networks 
about  more  than  1 .25  millions  km  in  routine  length  in 
whole  China.  After  merging  and  aparting  (M/A  )  of 


China  telecommunication  network  operators,  the 
demand  share  for  optical  fiber  cable  in  China  has 
changed  greatly  .Figure  1  and  figure  2  present  the 
changing  pattern  of  main  network  operators  in  the 
year  of  1995  and  200  ^respectively. 


■  China  Telecom  ■China  Broadcast&TV 
□  China  Railway  Com  DThe  others 
□  -me 


■  Chi  na 


Tel  ecom 
78% 


■  chi  na  Tel  ecom 

■  Chi  na  B-oadcastSTV 

□  chi  na  Ihi  com 

□  Chi  na  F^i  1  way  Cbm 

■  Chi  na  B  ectri .  Fbwer 

■  Chi  na  tet  com 

■  Chi  na  M)bi  1  e 

0fbe  others 

According  to  the  national  tenth  5  year  plan  for 
telecommunication,  the  lay-out  length  of  the  public 
network  for  optical  fiber  cable  will  reach  to 
2.5millions  km.  It  means  that  1.25  millions  km 
(including  200  thousands  km  cable  using  for  trunk 
distance  backbone  network)optical  fiber  cable  will  be 
laid  newly  in  the  following  4  years.  Considering  other 
demands  for  special  groups  such  as  LAN  for 
education  access  network,  enterprise  access  network 
and  residence  access  network  ,  we  reckon  total 
demands  for  optical  fiber  in  the  year  of  2001-2005 

as  following(see  table  4).  Adding  approximately  10% 
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loss  during  cabling  process,  Total  demand  during  the 
year  of  2001-2005  will  be  about  7360  kmf.  So  the 
market  of  optical  fiber  cable  in  China  will  increase 
by  average  8%-!5%  annually. 


Table  4.  Tha  demands  for  optical 
fiber  cable  (2001-2005)  (10  thousands  km ) 


Purpose 

Routine 

Length 

Average 

fiber  number 

Demand 

Quantity 

Trunk 

Backbone 

Network 

10(Westem) 

48 

480 

10(Eastem) 

96 

Access 

Network 

and 

METRO 

Network 

105 

48 

Others 

35 

6 

210 

Total 

160 

6690 

4.  The  future  of  the  Optical  Fiber 
and  Cable  Industry 

The  following  5  years  is  very  important  to  the  optical 
fiber  and  cable  industry.  Because  production  capacity 
of  optical  fiber  and  cable  is  overplus  as  mentioned 
above,  competition  in  this  industry  will  become  mare 
and  more  hard  while  small  companies  will  lose  their 
advantage  in  future.  This  industry  will  encounter 
drastic  M/A  and  top  companies  will  finally  gain  the 
most  market  share.  In  order  to  reduce  the  cost,  the  top 
companies  will  cover  the  full  production  of  the 
preform,  fiber  and  optical  fiber  cable.  The  company 
which  covers  the  full  production  will  win  the  future 
market  and  will  gain  dominance  over  the  future 
market. 

Of  course,  the  companies  of  optical  fiber  and  cable 
will  face  the  potential  opportunities  of  the 
international  marketing  as  China  become  a  member  of 
WTO.  At  present,  some  top  company  like  YOFC  and 
FiberHome  has  exported  the  products  of  optical  fiber 
and  cable  to  foreign  countries.  The  JV  companies 
abroad  will  be  set  up  in  2-5  years  by  China  company. 


5.  Summary 

For  developed  nearly  30years,  optical  fiber  and  cable 
industry  in  China  became  to  more  and  more 
well-rounded,  they  mastered  the  whole  key 
technologies  of  manufacturing  optical  fiber  and  cable  , 
and  can  supply  all  kinds  of  optical  fiber  and  cable 
products  to  customers.  Also  there  are  a  lot  of  optical 
fiber  and  cable  factories  in  China,  however,  more  than 
80%  market  in  China  was  shared  by  the  top  ten  of 
optical  fiber  cable  manufacturers  . 

Although  the  international  market  became  depressed 
since  the  second  half  year  of  2001  as  the  bubble  of 
the  internet  economy  was  dashed  the  groundovertum 
in  globe,  domestic  market  of  optical  fiber  and  cable 
was  also  considered  one  of  most  potential  markets. 
It  is  estimated  that  the  market  of  optical  fiber  and 
cable  will  increase  by  8-15%  annually  for  2001-2005 
and  the  total  demand  quantity  for  optical  fiber  and 
cable  will  reach  6690  kmf  . 

But  compared  to  the  demand  of  optical  fiber  and  cable, 
the  production  capacity  is  surplus  seriously. 
Competition  in  this  industry  will  become  mare  and 
more  harder  and  will  encounter  drastic  M/A  .Top 
companies  will  finally  gain  the  most  market  share. 
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Development  of  a  Ribbon  Distribution  Cable 
Utilizing  a  Stranded  Design 
Roger  Vaughn 

Pirelli  Communications  Cables  &  Systems  NA 

Lexington,  SC 


Abstract 

Pirelli  Communications  Cables  and  Systems  NA  recently 
developed  a  high  fiber  count  ribbon  distribution  cable  called 
COLink™  for  premises  applications.  The  cable  utilizes  12  fiber 
ribbon  stacks  inside  gel-free  buffer  tubes  stranded  around  a 
central  strength  member,  and  is  either  OFNR  or  OFNP  rated.  The 
plenum  (OFNP)  version  may  be  used  for  riser  applications  as 
well,  as  it  exceeds  GR-409-CORE  and  ICEA  596  riser  mechanical 
and  environmental  specifications.  Fiber  counts  of  up  to  576  fibers 
are  available  in  either  riser  or  plenum  versions  of  the  cable. 
Stranded  design  for  ribbon  distribution  cables  offers  several 
advantages  over  a  central  tube  design.  The  advantage  of 
individually  protected  sub-units  translates  into  improved  handling 
and  minimizes  accidental  damage  to  ribbons.  Multiple  ribbon  sub¬ 
units  in  the  cable  also  reduce  cost  of  installation  and  complexity 
by  limiting  the  need  for  furcation  tubes  within  a  rack.  Buffer 
lubes  can  simply  be  routed  from  the  entry  point  of  the  rack  to 
individual  panels  before  exposing  the  ribbons  for  individual 
termination.  The  stranded  nature  of  the  design  allows  for  greater 
flexibility  and  kink-resistance,  as  well  as  the  capability  of 
handling  greater  tension;  and  the  multiple  sub-unit  design  results 
in  greater  compression  and  impact  resistance  than  traditional 
central  tube  designs.  This  increased  overall  cable  robustness  is 
advantageous  when  protecting  vital  revenue  generating  data 
streams. 

The  biggest  design  challenge  in  the  development  of  the  cables  that 
utilizes  gel-free  buffer  tubes  for  premises  applications  is  GR-409- 
CORE  compliance  to  impact  and  compression  resistance,  as  well 
as  environmental  performance.  The  gel-free  nature  of  the  buffer 
tubes  presented  various  processing  challenges  as  well,  particularly 
with  respect  to  manufacturing  repeatability.  Careful  consideration 
to  minute  design  and  processing  details  need  to  be  made  in  order 
to  fully  maximize  quality  without  compromising 
manufacturability  and  cost. 

Keywords 

Buffer  Tube,  Plenum,  Riser,  Stranded,  Central  Tube,  Parallel 
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Introduction 

Ribbon  Distribution  cables  are  utilized  in  various  network 
locations.  One  of  the  most  common  applications  is  in  transitions 
from  OSP  environment  to  the  premises  where  NEC  regulations 
required  flame  ratings  and  clean,  quick  terminations  are  desired. 
In  this  function  many  of  the  cables  are  preconnectorized  to  panels 
in  stub  assemblies  where  the  other  end  of  the  cable  is  simply 
fusion  spliced  to  the  OSP  cable.  Other  applications  include  use  as 
back-plane  jumpers,  network  backbone,  and  parallel  optics 
transmission.  These  cables  must  have  some  of  the  mechanical 
and  environmental  performance  of  both  the  OSP  and  premises 
cables.  This  means  that  in  addition  to  exceeding  Telcordia  GR- 
409-CORE  and  ICEA-569,  cables  are  tested  to  tensile  strengths  of 
6001bs  per  Telcordia  GR-20-CORE. 

The  high  fiber  count  density  attained  using  ribbon,  the  limited 
duct  space  available  in  many  institutions,  CO’s,  POP’s,  etc.,  and 
the  increasing  acceptance  of  OSP  ribbon  cable  all  contribute  to  an 
increasing  use  of  ribbon  cables  in  the  premises.  Space  is  at  a 
premium  in  many  CO’s  and  the  more  you  occupy  the  more  it 
costs.  One  way  to  limit  that  cost  is  to  increase  the  port  density  in 
the  racks.  Traditional  tight  buffered  cables  are  predominate  in 
legacy  systems,  but  are  much  too  large  to  support  this  capacity 
increase.  Ribbon  distribution  cables,  especially  stranded  design, 
are  specially  suited  for  the  application.  Utilizing  the  individual 
buffer  tubes  to  route  inside  the  racks  and  panels  the  ribbon  is 
continuously  protected  until  final  termination  within  the  panel. 
By  grouping  the  ribbons  in  12  to  144  fibers  per  tube,  up  to  four 
panels  can  be  fed  from  one  cable  or  one  panel  can  be  fed  from 
opposite  sides  to  elevate  fiber  congestion  within  the  panel. 

As  ribbon  distribution  cable  gained  popularity  the  fiber  counts 
increase  to  meet  the  demand  for  new  applications.  Ribbon 
distribution  cables  originally  designed  as  central  tube  product  has 
increased  in  fiber  count  to  such  a  degree  that  a  stranded  design 
must  be  used  for  maximum  benefit.  Central  tube  design  cable  is 
cost  effective  and  extremely  functional  for  fiber  counts  of  12-216 
fibers  and  when  running  from  point  to  point.  Once  the  fiber  counts 
exceed  216  fibers  or  more  complex  point  to  multi-point 
connections  is  required  stranded  design  ribbon  distribution  cables 
become  advantageous.  One  reason  for  this  is  the  port  density  of 
patch  panels  currently  limited  to  216  fibers  and  many  times  72,  96 
or  144  count.  One  can  immediately  see  the  benefit  in  using  a 
stranded  ribbon  distribution  design  with  limited  duct  or  back¬ 
plane  access.  For  example;  four  144  port  patch  panels  can  be 
preterminated  with  one  576  fiber  ribbon  distribution  cable  using 
the  individual  buffer  tubes  to  route  to  each  panel  where  as  four 
separate  144  fiber  central  tube  cables  would  have  to  be  used. 
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Design 

When  first  tasked  with  developing  stranded  ribbon  distribution 
cables  several  technical  specifications  including  Telcordia  GR- 
409-CORE,  Telcordia  GR-20-CORE,  ICEA-596,  as  well  as 
customer  specifications  were  taken  into  consideration.  Much 
more  emphasis  was  placed  on  customer  requirements,  but 
standard  specifications  were  maintained  for  wide  acceptance  of 
product  offering.  Tensile  strength  was  of  major  concern  for  the 
customer  as  they  expected  the  same  crews  that  install  the  OSP  to 
handle  the  ribbon  distribution  as  well.  Another  concern  was 
equality  between  riser  and  plenum  specifications,  so  the  decision 
was  made  for  both  cable  ratings  to  meet  the  more  stringent  riser 
mechanical  and  environmental  specifications. 

Several  cable  designs  were  considered,  but  from  the  beginning  the 
customers’  end  use  of  the  product  was  kept  in  mind.  Divisions  of 
72,  96,  144,  &  216  fibers  were  of  utmost  importance  in  the  design 
process,  as  they  would  mate  with  current  panel  port  densities  of 
the  most  popular  panel  manufacturers.  Using  these  fiber  counts 
and  realizing  the  space  constraints  associated  with  most 
applications  a  four-position  cable  design  was  decided  upon.  Both 
a  288  version  with  72  fiber  sub-units  and  a  576  fiber  with  144 
fiber  sub-units  were  chosen.  These  fiber  counts  and  tube 
configurations  covered  any  combination  of  panel  port  densities. 


Figure  1.  Pirelli  COLink™,  Stranded  Ribbon 
Distribution  Cable 

Capitalizing  on  Pirelli’s  extensive  knowledge  of  high  fiber  count 
OSP  ribbon  cable  development;  process  technology  and 
equipment  was  utilized  to  develop  the  stranded  ribbon  distribution 
cables.  Some  of  the  more  unique  characteristics  in  contrast  to 
OSP  products  are  the  gel-free  tubes  and  flame  ratings  requiring 
flame-retardant  buffer  tube  materials. 

Development 

Buffer  tube  material  selection  was  the  first  development 
consideration  and  the  most  important.  The  tube  material  is  critical 
in  determining  the  performance  of  the  cable.  All  material 
attributes  were  reviewed  and  considered.  The  main  characteristics 
used  though  were  cost,  bum  characteristics,  coefficient  of  thermal 
expansion  (CTE),  and  processability.  The  two  basic  materials 
looked  at  were  PVC  and  PVDF;  both  have  good  CTE  and  process 
characteristics,  but  differ  substantially  in  cost  and  bum 
characteristics.  As  one  can  see  from  Table  1,  PVC  is  low  cost,  but 


is  limited  in  flame  performance  for  plenum  applications.  PVDF  is 
costly  but  excels  in  bum  characteristics. 


Table  1.  Comparison  of  PVC  and  PVDF 


PVC 

PVDF 

Limited  Oxygen 
Index  (LOI)* 

30-50% 

99% 

Cost 

$0.75-$  1.75/lb 

$6.00-$8.00/lb 

CTE 

Low 

Very  Low 

Processability 

Excellent 

Good 

♦LOT  is  the  percent  oxygen  atmosphere  required  for  a  material  to  sustain  a  flame. 


Ultimately  the  PVDF  compound  was  chosen  for  the  plenum  rated 
cable  design  and  PVC  for  the  riser  cable  design  based  on  the  NEC 
rating  required. 

Special  consideration  was  made  to  process  conditions  during 
manufacture  of  the  buffer  tubes.  As  with  most  fiber  optic  cable 
designs  the  buffering  process  is  the  most  critical  as  it  is  the  first 
operation  in  making  the  cable.  Any  adjustments  to  buffering  can 
and  do  transfer  to  later  processing  steps  with  significant  outcomes. 
Some  of  the  variables  monitored  included  the  ribbon  payoff 
tension,  ribbon  pitch,  tube  ovality,  and  excess  fiber  length  (EFL). 
Payoff  tension  is  used  to  provide  an  adequate  amount  of  back 
tension  such  that  the  ribbon  stack  maintains  a  correct  orientation 
and  twist. 


Buffer  Tube. 

The  unique  feature  of  these  cables  is  the  gel-free  tube,  which 
caused  some  changes  to  the  normal  process  of  producing  buffer 
tubes.  In  a  gel  filled  tube  the  gel  helps  to  hold  the  ribbons  in 
position  once  placed  in  the  tube.  Without  gel  the  tube  was 
collapsed  at  the  beginning  and  end  of  the  buffering  run  in  order  to 
hold  the  twist  induced  in  the  ribbon  stack  during  manufacturing. 
These  sections  are  later  discarded  after  jacketing. 
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Ribbon  pitch,  tube  ovality,  and  EFL  all  contribute  to  the  cable 
performance  during  environmental  testing  and  were  monitored 
closely  to  insure  consistent  product.  EFL  is  the  most  important 
and  is  controlled  mainly  during  the  stranding  process.  Ribbon 
pitch  is  the  distance  between  twists  placed  in  the  ribbon  during 
buffering.  The  pitch  allows  for  the  cable  to  be  bent  in  any 
direction  without  adversely  effecting  the  ribbon. 

Stranding  and  jacketing  operations  are  well  understood  and  arc 
fairly  straightforward.  It  is  important  to  note  though  that  the 
reverse  oscillated  lay  (ROL)  stranding  places  the  ribbon  in  a 
configuration  such  that  the  amount  of  excess  fiber  length  is  not  to 
much  as  to  adversely  affect  environmental  performance,  but  is 
great  enough  to  eliminate  stress  during  tensile  loading.  As  one 
can  see  from  Figure  4.  Below  the  ROL  stranding  process  wraps 
the  tubes  back  and  forth  around  a  Central  Strength  Member 
(CSM).  The  ROL  also,  as  with  OSP  cable,  allows  for  mid-span 
access,  which  is  not  capable  with  taught  sheath  central  tube  cable 
installations. 


(ROL)  stranding. 

A  cable  jacket  primarily  serves  as  mechanical  protection  for  the 
cable  components,  but  in  NEC  rated  cables  it  must  also  be  highly 
flame  retardant  to  meet  the  stringent  requirements  of  bum  testing. 
Again,  as  with  the  buffer  tube  material  selection,  two  materials, 
PVC  and  PVDF,  were  evaluated.  PVC  is  flame  retardant  but  not 
as  much  as  PVDF,  however  PVDF  is  very  expensive,  typically  in 
the  range  of  eight  times  greater  than  PVC.  Costs  of  this  magnitude 
are  prohibitive  for  use  in  large  quantities  such  as  jacketing  without 
a  significant  benefit.  After  reviewing  the  attributes  of  both,  the 
PVC  compound  was  chosen  for  the  riser  design  to  reduce  cost  and 
the  PVDF  compound  was  chosen  for  the  plenum  version  to 
consistently  meet  NFPA  262  (a.k.a.  UL  910)  test  requirements. 


Testing 

Once  design  and  development  work  was  completed  the  cables 
were  prototyped  and  readied  for  testing.  Prototypes  were 
constructed  of  both  the  288F  design  and  576F  design  in  riser  and 
plenum.  Results  from  testing  are  summarized  below  in  Table  2. 


Table  2.  Test  Results 


Test  &  Method  per 
GR-409-CORE 

288  fiber 
Cable 

Design 

576  fiber 
Cable 

Design 

Temperature  Cycling  & 
Aging 

Test  Method:  EIA-455-3A 
Criteria:  Temperature 
Cycling  from,  -20C  to 
+50C,  <0.2  dB/km 
increase,  Aging  <0.4 
dB/km 

Maximum 
attenuation 
delta  change 
recorded 
0.09dB/km  with 
average  dB 
change  of 
O.OIdB/km 

Maximum 
attenuation 
delta  change 
recorded 
0.05dB/km 
with  average 
dB  change  of 
O.OIdB/km  ! 

Tensile  Strength 

Test  Method:  EIA-455- 
33A 

Load:  2640N  (600lbs), 
Residual:  880N  (200lbs) 
Criteria:  <0.2  dB/km 
attenuation  increase 

All  fibers  had 
<0.20  dB 
change  in 
attenuation 

All  fibers  had 
<0.20  dB 
change  in 
attenuation 

Fiber  Tensile  Strain 

Test  Method:  FOTP-38 
Load:  2640N  (600lbs), 
Residual:  880N  (200lbs) 
Criteria:  <0.6  of  fiber 
proof  strain  at  load,  <0.2 
of  fiber  proof  strain  at 
residual  load. 

Maximum 
recorded  Strain 
at  load,  0.21 
and  0.065  at 
residual  load 

Maximum 

recorded 

Strain  at  load, 
0.21  and 

0.057  at 
residual  load 

Compressive  Strength 

Test  Method:  EIA-455-41 
Load:  100  N/cm  (57  Ibf/in) 
Criteria:  0.2  dB/km 
attenuation  increase 

All  cables 
tested  exceed 

1 0ON/cm  with 
<0.2dB 

All  cables 
tested  exceed 
200N/cm  with 
<0.2dB 

Impact  Resistance 

Test  Method:  EIA-455- 
25A 

Impact  Energy:  5.88  N*m 
(4.34  lbft*ft) 

Criteria:  0.2  dB/km 
attenuation  increase 

All  fibers  had 
<0.20  dB 
change  in 
attenuation 

All  fibers  had 
<0.20  dB 
change  in 
attenuation 

In  all  cables  the  top,  midale  and  bottom  ribbons  in  each  tube 
were  measured.  Single  mode  fiber  was  used  for  all  testing. 

Three  or  more  of  each  cable  desiqn  were  tested 

From  the  data  shown,  one  can  see  that  previous  experience  with 
ribbon  and  OSP  ribbon  cables  was  quite  beneficial  in  the 
immediate  success  of  the  design. 
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Field  Installation 

Acceptance  of  the  design  in  the  market  place  was  quickly 
confirmed  when  several  orders  were  placed  for  216  &  288  fiber 
cables  by  major  RBOC  and  CATV  customers  only  one  month 
after  its  product  release.  Installation  of  the  cables  ranged  from 
backbone  runs  from  central  office  to  co-location  equipment  and 
stub  assemblies  from  the  OSP  vault  rooms  to  patch  panel  racks 
several  floors  above. 

One  such  installation  involved  cable  runs  in  1.25”  duct  from 
manhole  to  the  equipment  rooms  with  excellent  results.  Lengths 
of  cable  installed  were  600,  1100’,  and  1450’,  which  validated  the 
requirement  for  6001b  pull  strength  as  an  initial  design 
requirement.  Since  the  cable  design  borrowed  heavily  from 
traditional  OSP  products,  Installers  were  able  to  use  existing  tools 
and  techniques  to  pull,  access,  and  terminate  the  cable. 

Conclusion 

Continuing  trends  of  higher  patch  panel  port  densities, 
developments  in  parallel  optics,  and  increased  space  constraints 
are  driving  use  of  ribbon  and  ribbon  distribution  cables  further 
into  the  network.  Regulations  and  concerns  over  flame 
propagation  in  highly  congested  vault  rooms,  CO’s,  POP’s,  etc. 
will  make  the  need  for  NEC  rated  cables  a  necessity.  Efficiencies 
gained  in  OSP  construction  from  mass  fusion  are  also  realized  in 
premises  environments.  Mass  termination  connectors,  such  as 
MTP,  MPO,  SMC,  etc.  are  being  utilized  in  the  network  making 
ribbon  a  necessity.  All  of  these  elements  combined  contribute  to 
the  increasing  demand  for  high  fiber  count  ribbon  distribution 
cable  in  the  premises. 

Attention  to  detail,  thoughtful  design  consideration,  and  use  of 
tried  and  true  processes  made  for  a  smooth  product  development. 
The  ribbon  distribution  cable  utilizing  a  stranded  design  was 
found  and  proven  to  incorporate  the  functionality  our  customers 
needed  in  a  package  that  was  easily  manufactured.  Through 
application  of  proven  design,  processes,  and  attention  to  customer 
specifications  a  successful  development  project  was  completed 
exceeding  all  requirements. 
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Abstract 

Design  and  development  of  a  series  of  compact,  flexible,  tight- 
buffered,  dry  core  Indoor/Outdoor  cables  in  fiber  counts  of  12 
through  36.  Cable  features  include  weather  resistant  jacket,  units 
and  buffer,  unique  water-blocking  approach.  Tested  to  UL  1666 
for  Riser  rating  and  ICEA-696  environmental/mechanical 
performance. 

Keywords 

Premises  cable;  Indoor/Outdoor. 

1.  Introduction 

There  are  applications  where  telecom  providers  prefer  to  connect 
optical  fiber  cables  directly  between  an  outdoor  branching  location 
and  a  frame  located  within  a  building  some  distance  from  the 
exterior  wall.  Such  placements  typically  require  that  the  cable  used 
meet  both  outdoor  environmental  and  indoor  fire  requirements.  By 
eliminating  the  junction  near  the  building  wall,  connection  expense 
and  labor  is  reduced. 

OFS,  formerly  Lucent  Technologies’  Optical  Fiber  Solutions 
Division,  developed  several  cables  for  this  indoor/outdoor 
application.  This  paper  presents  features  and  performance  of  the 
new  designs. 

2.  Features 

Indoor  cable  installers  are  accustomed  to  a  dry  core,  and  OFS  used 
dry  water-blocking  techniques  to  avoid  the  mess  associated  with 
typical  outdoor  cable  gels  or  filling  compounds  in  these  cables.  U. 
S.  customers  also  prefer  a  PVC-based  tight  buffer  that  can  be  easily 
stripped  from  the  fiber.  Figure  1  illustrates  the  12-fiber  cable  cross- 
section,  while  Figures  2  and  3  illustrate  the  24-  and  36-fiber 
constructions,  which  contain  multiple  6-fiber  units  ROL  about  a 
central  organizer. 


Figure  1.  Twelve  Fiber  Cable 


Figure  2.  24  Fiber  Cable 


Figure  3.  36  Fiber  Cable 


The  new  designs  work  with  singlemode  and  all  types  of  multimode 
fibers.  The  new  higher  bandwidth  multimode  fibers  were  more 
challenging  to  cable. 

3.  Performance 

These  three  cables  were  designed  to  meet  the  mechanical  and 
environmental  requirements  of  ICEA-696.  The  following  sections 
highlight  the  fire,  mechanical  and  environmental  performance  of 
the  designs. 

3.1  Fire 

These  cables  have  been  tested  to  the  UL  1666  standard  and 
listed  as  Riser  (OFNR).  The  36-fiber  cable  was  made  using  both 
leaded  and  lead-free  PVC  buffers.  Table  1  shows  the  results. 


Table  1.  Fire  Performance 


Measure 

Criterion 

12-fiber 

24-fiber 

36-fiber  (leaded,  non- 
leaded) 

Flame 

<  12  ft 

5ft 

6ft 

5.5, 4.5  ft 

Temp 

<  850°F 

389°F 

399°F 

407,  384°F 
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Hot  Bend  Results 


3.2  Mechanical 

These  cables  were  tested  to  various  mechanical  specifications 
found  in  ICEA-696.  This  standard  allows  added  losses  of  up  to 
0.6  dB  for  multimode  fibers  and  0.4  dB  for  singlemode  fibers 
under  a  variety  of  mechanical  loadings.  Table  2  lists  the  tests,  and 
cross-references  to  Figures  4  through  1 1  showing  added  losses  on 
50  micron  multimode,  62.5  micron  multimode,  and  9  micron 
singlemode  fibers  in  cables  of  12/24/36  counts  with  lead- 
containing  buffer,  and  cable  of  36  count  with  non-lead  PVC 
buffer. 

Table  2.  Mechanical  Tests 

Key  Test 

~ A  Cold  Bend,  FOTP-37,  4  wraps  at  20X  diam,  -10°C 

B  Hot  Bend,  FOTP-37,  4  wraps  at  20X  diam,  60°C 

C  External  Freeze,  FOTP-98A 

D  Cyclic  Flex,  FOTP-104,  25  cycles  180°  over  20X  diam 

”  Impact,  FOTP-25, 4.4  N-m  twice  at  3  locations  150  mm 
apart 

Tensile  Load  and  Bend,  FOTP-3 3, -38.  2670  N  rating, 
30%  residual  load 

G  5  minutes  after  all  load  released  on  above  test. 

Compressive  Load,  FOTP-41,  220  N/cm,  then  hold  110 
N/cm  for  10  minutes,  measure 
~~~  Cold  Bend  Results 


MM  spec=0.6  dB 


Figure  4.  Cold  Bend  Results 


MM  spec=0.6  dB 


Figure  5.  Hot  Bend  Results 


External  Freeze  Results 


MM  spec=0.6  dB 


Figure  6.  External  Freeze  Results 
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Figure  7.  Cyclic  Flex  Results 


Figure  9.  TLB  at  Residual  Load  Results 


Impact  Results 
MM  spec=0.6  dB 


TLB  at  zero  load  Results 


SM  spec=0.4  dB 


MM  spec=0.3  dB 


SM  spec=0.15dB 


Compressive  Load  Results 
MM  spec=0.6  dB 


Figure  11.  Compressive  Load  Results 


Referring  to  these  figures,  it  can  be  seen  that  the  mechanical  tests 
most  difficult  to  pass  were  the  compression  and  hot  bend  tests. 
The  added  losses  in  tensile  load  and  bend  were  similar  at  all  fiber 
positions.  In  contrast,  the  inner  three  fibers  of  the  12-fiber  cable 
showed  greater  losses  in  the  compression  and  hot  bend  test  than 
the  outer  nine. 

In  addition  to  the  loss  change  requirements  under  these  loads, 
ICEA-696  specifies  a  maximum  strain  under  rated  load  and  under 
residual  load.  Table  3  indicates  the  results  of  these  strain 
measurements. 

Table  3.  Strain  Limits  During  Tensile  Load  and 
Bend  Test 


3.3  Environmental 

Unlike  most  other  premises  cables,  Indoor/Outdoor  cables  must 
operate  down  to  temperatures  of  -40°C.  The  ICEA-696 
specification  limit  is  a  change  in  loss  of  no  more  than  0.6  dB/km  at 
1300  nm  for  multimode  fiber  types  and  no  more  than  0.4  dB/km  at 
1550  nm  for  singlemode  fiber  types.  Table  4  details  the  results. 

Table  4.  Temperature  Cycling 


Fiber  Type 

/ 

Maximum  Loss  Change,  dB/km 

on  two  cycles  from  -40°C  to  70°C 

Max  limit 

for  Loss 
change 

12-fiber 

24-fiber 

36-fiber 

Leaded 

36-fiber 

NonLead 

50  jim 

/ 

0.6  dB/km 

0.165 

0.226 

0.311 

0.218 

62.5  pm 

/ 

0.6  dB/km 

0.022 

0.056 

0.050 

N/A 

SM-MC 

/ 

0.4  dB/km 

0.028 

0.053 

0.035 

0.232 

4.  Conclusions 

Three  US  Riser  rated  PVC-buffered  indoor/outdoor  cables  with  dry 
core  constructions  are  described.  Cables  with  12,  24,  and  36  fiber 
counts  have  been  developed.  Additional  development  showed  that 
non-leaded  PVC  constructions  behave  similarly  in 
mechanical/environmental/and  fire  testing. 
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Metric 

Limit 

12-fiber 

24-fiber 

36-fiber 

Leaded 

36-fiber 

NonLead 

Strain 

at  rated 

load 

0.6% 

0.351% 

0.335% 

0.227% 

0.180% 

Strain 

at  resid. 

load 

0.2% 

0.099% 

0.169% 

0.111% 

0.067% 
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Abstract 

The  growing  of  optical  communications  system  in  recent 
years  has  increased  a  count  of  indoor  optical  fiber  cable. 
When  the  count  is  demanded  to  reach  over  72  cores,  optical 
fiber  ribbon  cable  is  usually  chose.  The  main  reason  is  that 
optical  fiber  ribbon  cable  including  many  optical  fibers  may 
be  provided  with  smaller  outer-diameter. 

Generally,  the  structure  of  indoor  optical  fiber  ribbon  cable 
is  that  a  layer  of  halogen-free  flame  retardant  sheath  covers 
fibers  and  aramid  yam.  The  sheath  can  expand  or  contract 
as  environment  temperature  changes.  If  cable  contains  more 
fibers,  the  fibers  might  be  stressed  and  the  attenuation  loss 
value  might  rise.  This  paper  introduces  a  new  structure  of 
optical  fiber  ribbon  cable  for  indoor  use,  which  has  two 
layer  of  sheathes.  Inner  layer  is  made  of  polyester  material 
and  outer  layer  is  halogen-free  flame  retardant  sheath.  The 
aramid  yam  is  mounted  between  two  layer  sheathes.  This 
cable  structure  not  only  protects  fibers  from  producing 
strain  but  also  meets  specifications. 

A  variety  of  tests  concerning  optical  transmission  loss 
characteristics,  mechanical  characteristics,  and 
fire-resistance  characteristics  have  been  performed  on  the 
cable  structure  mentioned  above.  It  has  confirmed  that  this 
cable  structure  possesses  excellent  characteristics. 

Key  Words:  optical  fiber  ribbon  cord;  Design; 
Indoor  cables 

1.  Introduction 

Indoor  cables  have  been  used  in  building  widely  by  way  of 
indoor  leadin  of  connecting  network  and  trunk  subsystem  or 
level  subsystem  of  premises  distribution  system  for  building 
telecommunications  because  of  its  more  light  and  soft  and 
more  convenient  assembly  compared  to  the  outdoor  cable. 


Several  years  ago,  simplex  and  duplex  cables  mainly  used 
for  jumper  and  trailer  are  dominant  on  market  in  China.  The 
growing  of  optical  communications  system  in  recent  years 
has  increased  optical  fibers.  Cables  that  contain  more  than 
12  optic  fibers  appear  various  constructions  based  on 
purpose  and  situation.  Especially  in  FHHT  system,  fiber 
cores  of  premises  distribution  will  be  demanded  to  increase 
several  times.  It  is  very  important  to  increase  cabling  port 
densities  in  less  space  [1][2]. 

When  the  count  is  demanded  to  reach  over  72  cores,  optical 
fiber  ribbon  cable  is  usually  chose.  The  main  reason  is  that 
optical  fiber  ribbon  cable  including  many  optical  fibers  may 
be  provided  with  smaller  outer-diameter  to  satisfy  the 
requirements. 

Generally,  the  structure  of  indoor  optical  fiber  ribbon  cable 
is  that  a  layer  of  halogen-free  flame  retardant  sheath  covers 
fibers  and  aramid  yam.  The  sheath  can  expand  or  contract 
as  environment  temperature  changes.  If  cable  contains  more 
fibers,  the  fibers  might  be  stressed  and  the  attenuation  loss 
value  might  rise.  This  paper  introduces  a  new  structure  of 
optical  fiber  ribbon  cable  for  indoor  use,  which  has  two 
layer  of  sheathes.  Inner  layer  is  made  of  polyester  material 
and  outer  layer  is  halogen-free  flame  retardant  sheath.  The 
aramid  yam  is  mounted  between  two  layer  sheathes.  This 
cable  structure  not  only  protects  fibers  from  producing 
strain  but  also  meets  specifications.  A  variety  of  tests 
concerning  optical  transmission  loss  characteristics, 
mechanical  characteristics,  and  fire-resistance 
characteristics  have  been  on  performed  the  cable. 

2.  Cable  Structure 

The  cable  has  been  designed  for  12  X  12  cores 
single-mode  ribbon  fiber.  The  ribbon  dimensions  meet 
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specifications  (Table  1). 

Two  layers  of  sheath  between  which  aramid  yams  are 
twisted  (Figure  1  and  Table  2)  cover  the  ribbons.  Inner 
sheath  is  made  of  polyester  materials  having  higher 
modulus  of  elasticity  and  lower  thermal  coefficient.  The 
contraction  property  of  the  polyester  materials  is  better  than 


halogen-free  flame  retardant  materials,  so  the  covered  fibers 
can  be  protected  as  better  as  possible.  And  the  extra  length 
of  fibers  could  be  assured.  Outer  sheath  is  made  using 
halogen-free  flame  retardant  (HFFR)  materials  to  protect 
cable  from  fire. 


Figurel. Structure  of  optical  fiber  ribbon  cord 


Ribbon  Samples 

I# 

3# 

4# 

5# 

6# 

11# 


Tablel. Optical  fiber  ribbon  dimension 

Ribbon  Width (m) _ Ribbon  Height ( u m) 


3197.9 

312.7 

3195.9 

316.  1 

3183.  3 

311.  1 

3171.8 

317.9 

3178.6 

312.3 

3187.  5 

308.  5 

Vertical  Separation(nm) 
16.  2 
18.6 
21.6 
19.9 
21.6 
22.0 


Table2.Structure  Specifications  of  Cable 


No. 

Name 

Material 

1 

Sheath 

HFFR 

2 

Nonmetal  Strength  Member 

Armaid 

3 

Loose  Tube 

Polyester 

4 

Optic  Fiber  Ribbon 

5 

Diameter 

17mm 

3.  Cable  Performance 

We  had  performed  the  optical  transmission  loss 
characteristic  test,  mechanical  characteristic  test,  and 
fire-resistance  characteristic  test  on  the  cable  according  as 
methods  prescribed  by  IEC  60794-l-2[4], 

3.1  Transmission  Characteristics 

The  attenuation  loss  is  tested  by  OTDR.  The  measurements 

were  made  at  transmission  wavelengths  of  131  Onm  and 


1550nm  for  single-mode  fibers.  The  maximum  optic  losses 
are  0.338dB/km  at  1310nm  and  0.20dB/km  at 
1 550nm(Table  3). 


Table  3.  Results  of  Transmission  Characteristics  Test 


Wavelength 

1310nm 

1550nm 

Maximum 

0.338  dB/km 

0.20  dB/km 

attenuation 

loss 

3.2  Mechanical  Characteristics 
The  mechanical  characteristic  tests  had  been  performed  in 
according  with  the  test  procedures  specified  in  the  IEC 
60794- 1-2[],  Test  items,  requirements  and  results  are 
showed  in  table  4.The  added  attenuation  loss  was  measured 
at  transmission  wavelengths  of  1550nm. 

The  results  indicate  that  there  were  no  fiber  breaks  and  a 
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permanent  or  temporary  increase  in  optical  attenuation  added  attenuation  loss  was  extremely  low  (only  O.OldB). 

value  is  lesser  than  0.03dB  in  sample  at  1550nm  for  all  the  Therefor  this  cable  structure  can  provide  better  capability  of 

tegts  tension  and  crush  resistance  to  protect  fibers  from 

It  is  remarkable  that  the  load  was  larger  than  the  value  deformation  and  damage, 
specified  in  the  standard  in  the  process  of  crush  test  but  the 


Table  4.  Results  of  Mechanical  Characteristics  Test 


Items 

Units 

Requ i rements 

Results 

Tensi le 

Strain-stress 

% 

200N  aDDlied  for  5m in 

0.02 

Added  optical 
Loss 

dB 

200N  applied  for  5m in 

0.02 

Crush 

1000N  applied  for  Imin 

0.01 

Impact 

Dots :  5 ; 

Impact  energy : 1 .ONm; 

Number  of  impacts:  3. 

0.025 

Repeated  Bending 

Bending  radius:20D; 

Mass  of  weights:20N; 

Number  of  cycles: 1000  times; 

Requirements:  no  chanqe  in  attenuation  after  test. 

0.01 

Tors i on 

Torsion  angle: ±180°  ; 

Mass  of  weights:20N, 

Number  of  cycles: 10  times, 

Requirements:  no  chanqe  in  attenuation  after  test. 

0.02 

Cable  Flexing 

Pulley  diameter:20D; 

Mass  of  weights:20N, 

Number  of  cycles: 10  times, 

Requirements:  no  change  in  attenuation  after  test. 

0.01 

Vibration 

f :50Hz; 

Amplitude: ± 3mm, last  lOmin; 

Requirements:  no  chanqe  in  attenuation  after  test. 

0.01 

The  low  and  high  temperature  limits  were  -30'C  and  70°C 
respectively.  The  measurements  were  made  after  holding  24 
hours  at  each  temperature  point  at  transmission  wavelength 
ofl550nm. 

The  result  of  statistical  data  for  temperature  attenuation  of 
all  fibers  is  expressed  as  Figure  3.  The  maximum  value  is 
0.024dB/km  with  80%  of  the  measured  values  no  greater 
than  0.007Db/km.  Thus  it  is  can  be  seen  that  the  inner 
sheath  of  cable  takes  the  better  effect  on  improving  the 
temperature  attenuation  characteristic. 


3.3  Temperature  Characteristics 

The  cable  was  tested  for  attenuation  at  room  temperature 
and  attenuation  during  temperature  cycling.  The 
measurements  were  made  at  transmission  wavelength  of 
1550nm. 

IEC  60794- 1-2-F1  temperature  cycling  requires  that  the 
cable  must  undergo  two  cycles  consisting  of  an  appropriate 
low  and  high  temperature  for  appropriate  intervals  of  time. 
The  low  and  high  temperature  limits  are  to  be  selected 
based  on  purchaser  requirements.  Therefor,  the  temperature 
cycling  test  according  to  Figure  2  was  performed  on  cable. 
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Figure  2.  Temperature  Cycling 


Figure  3.  Diagram  of  Temperature  Attenuation  statistical  Result 


3.4  Flame  Retardant  Characteristic 

The  flame-retardant  test  was  performed  on  the  sample  made 
using  the  cable  in  according  with  IEC  60332.  Figure  4 
shows  the  test  arrangements  meeting  IEC  60332  standard 
requirement.  Figure  4(a)  shows  the  vertical  combustion  test 
arrangement  and  Figure  4(b)  shows  the  horizontal 
combustion  test  arrangement.  The  result  of  the  horizontal 
combustion  test  is  that  flame  on  the  cable  samples 


extinguished  immediately  by  itself  when  the  flame  was 
taken  away.  The  specification  of  IEC  60332-1  for  the 
vertical  combustion  test  is  that  a  cable  shall  pass  the  test  if 
the  distance  between  the  lower  edge  of  the  top  support  and 
the  onset  of  char  shall  be  greater  than  50mm.[5]  The  tested 
samples  passed  the  tests  (see  Figure  5). 
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Figure  4.  Flame-retardant  Arrangement 


Figure  5.  Photos  of  Combustion  Test 


4.  Conclusions 

Optical  fiber  ribbon  cord  has  predominance  in  building 
FTTH  system  because  it  can  meet  the  requirement 
mounting  more  terminals  in  limited  space.  The  optical  fiber 
ribbon  cord  introduced  by  this  paper  not  only  meets  above 
requirement  but  also  has  points  as  follows: 

1. The  structure  having  two  layers  of  sheath  between  which 
aramid  yams  are  twisted  provides  the  cord  with  good  tensile 
performance  and  crush  performance. 

2. The  cord  possesses  excellent  temperature  characteristic 
because  of  the  lower  contraction  coefficient  of  inner  sheath. 


The  maximum  value  is  only  0024dB/km. 

3. The  outer  sheath  consisting  of  HFFR  materials  provides 
the  cord  excellent  flame-retardant  characteristic  to  meet  the 
requirement  of  flame-retardant  for  indoor  using. 

The  cord  cable  has  been  on  the  Chinese  market 
successfully. 
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Abstract 

A  dual  layer  buffering  system  employing  a  new  compliant  layer  is 
described  and  its  performance  is  compared  with  the  former  dual 
layer  and  conventional  single  layer  buffering  systems.  Buffer 
materials,  whose  flexural  modulus  is  higher  than  typical  buffer 
materials,  such  as  PVC,  are  needed  for  high  performance  and  high 
reliability  pull-proof  connectors.  In  addition,  systems  are  now 
moving  towards  higher  bandwidth  capable  fibers,  like  the  50  pm 
multi-mode  LaserWave™  fibers  with  reduced  differential  modal 
dispersion  (DMD).  Unfortunately,  50  pm  multi-mode  fibers  are 
approximately  three  (3)  times  more  microbend  sensitive  than  62.5 
pm  multi-mode  fibers.  While  the  current  dual  layer  system  is 
adequate  for  62.5  multi-mode  and  single  mode  optical  fibers,  a 
dual  layer  system  with  a  new  compliant  layer  was  developed  to 
handle  the  more  microbend  sensitive  50  pm  fiber.  The  new 
system  is  shown  to  have  much  lower  microbend  sensitivity 
minimizing  the  difference  seen  between  62.5  and  50  pm  buffered 
fibers.  The  new  dual  layer  tight  buffer  system  also  has  much 
lower  attenuation  during  loose  coil  temperature  cycling  tests. 

Keywords 

Optical,  fiber,  buffer,  multi-mode,  modal  dispersion,  connectors 

1.  Introduction 

1 .1  High  Reliability  Pull-Proof  Connectors 

The  need  for  high  modulus  buffer  materials  starts  with  the 
connectors,  specifically  pull-proof  connectors,  which  maintain 
optical  performance  when  axial  and  side  loads  are  applied  to  the 
optical  fiber  cable.1  These  connectors  are  designed  to  meet 
Telcordia’s  GR-3262  which  includes  active  tension  tests  that  require 
pull-proof  cable  -  retention  mechanisms.  In  addition,  when  these 
pull-proof  connectors  are  used,  the  ferrule  assembly  inside  the 
connector  travels  towards  the  cable  when  mating  with  another 
connector.  This  results  in  excess  buffered  fiber  length  in  the 
connector/cable  assembly.  In  a  properly  designed  connector-cable 
system,  the  buffer  has  adequate  stiffness  to  push  back  into  the  cable 
and  the  cable  jacket  is  loose  enough  to  allow  the  movement  of  the 


buffered  fiber,  but  not  so  loose  as  to  allow  the  buffered  fiber  to  pull 
out  of  the  jacket  during  stripping  of  the  buffered  fiber. 

The  need  for  a  high  modulus  buffer  is  especially  important  given 
the  current  activity  in  IEC  SC86A  WG  3.  The  working  group  is 
developing  a  test  method3  as  part  of  a  new  specification,  60794-2- 
50,  for  patch  cords.  The  purpose  of  the  method  is  to  examine  the 
change  in  attenuation  when  a  buffered  fiber  in  a  cable  moves  during 
the  mating  of  connectors.  The  test  will  assess  how  cable  and 
buffered  fiber  designs,  used  in  patch  cords  and  interconnect  cables, 
maintain  optical  performance  with  pull-proof  connectors. 

1.2  High  Bandwidth  50  pm  Multi-Mode  Fiber 

The  second  compelling  reason  for  a  dual-layer  high  modulus  tight 
buffer  system  is  the  introduction  of  new  high  bandwidth  50  pm 
fibers  with  reduced  differential  modal  dispersion  (DMD)  like 
LaserWave™  fiber.  With  the  demand  for  increased  bandwidth  and 
longer  deployment  lengths,  50  pm  multi-mode  fibers  have  been 
redesigned  and  optimized  for  10-gigabit  data  transmission  with 
lengths  of  up  to  600  meters  with  LaserWave™  XL  fiber,  by 
reducing  DMD  which  causes  pulse  broadening.  As  a  consequence, 
low-DMD  50  pm  multi-mode  fibers,  like  LaserWave™,  are  seeing 
increased  penetration  in  enterprise,  central  office  and  OEM 
applications. 

The  microbend  sensitivity  of  50  pm  multi-mode  fibers  is 
approximately  3  times  higher  than  standard  62.5  p  multi-mode 
fiber.4  Despite  this  fact,  the  standards,  shown  on  page  2  in  Table  1, 
still  restrict  the  attenuation  change  for  50  pm  multi-mode  fibers  to 
the  same  levels  as  standard  62.5  pm  multi-mode  fibers.  For  these 
high  performance  50  pm  low-DMD  multi-mode  fibers,  a  dual-layer 
high  modulus  buffer  system  is  ideally  suited  to  provide  excellent 
microbend  resistance  and  low  temperature  performance  that  is 
necessary  to  meet  the  most  demanding  attenuation  requirements,  as 
will  be  shown  below. 


1  Retired 

Copyright  ©  2002.  Fitel  USA  Corp.  All  rights  reserved 


International  Wire  &  Cable  Symposium 


37 


Proceedings  of  the  51st  IWCS 


1.3  Buffer  and  Cable  Requirements 

Table  1  summarizes  some  of  the  key  requirements  for  the  tight 
buffered  fiber  and  the  cables  in  which  they  are  employed.  While 
there  are  a  number  of  other  requirements,  e.g.  impact  resistance, 
which  are  not  included  in  the  Table,  the  attributes  listed  are  ones  on 
which  this  paper  will  focus.  In  the  case  of  jumpers  or  interconnect 
cable  where  anti-buckling  elements  are  not  typically  used,  the 
environmental  attenuation  performance  requirement  of  cable  is 
essentially  the  performance  requirement  of  the  tight  buffered  optical 
fiber.  Examining  Table  1,  the  rationale  for  first  item,  buffer 
stiffness,  was  mentioned  above  in  the  requirements  for  a  reliable 
pull-proof  connector. 

For  many  customers,  the  second  requirement,  the  ability  to  remove 
the  buffer  coating  without  removing  the  optical  fiber  coating,  is 
very  important.  In  single-layer  high  modulus  or  stiff  buffer  design, 
the  buffer  material  adheres  so  strongly  to  the  secondary  coating  of 
the  optical  fiber  that  it  is  impossible  to  remove  the  buffer  without 
destroying  the  optical  fiber  coating.  Previous  designs  used  a 
“release”  layer  between  the  high  modulus  material  and  the 
secondary  coating.5’  6  In  the  dual-layer  buffered  structure,  the 
compliant  layer  also  acts  as  a  release  layer,  so  that  the  buffer 
material  can  be  removed  without  damaging  the  optical  fiber  coating 
beneath  it. 


Table  1. 

Buffer  &  Cable  Requirements 

Performance 

Attribute 

Requirement 

Buffer  Stiffness 

Meet  connector  anti-buckling  requirements 
while  keeping  “memory’1  to  a  minimum 

Buffer 

Strippability 

Buffer  must  be  removable  such  that  the 
primary  and  secondary  coatings  of  the  fiber 
remain  intact  for  connectorization. 

Buffer  Microbend 
Resistance 

Resist  the  rigors  of  installation  and  cable 
manufacturing  without  increase  in 
attenuation. 

Cable  Low 
Temperature 
Optica! 
Performance: 

ICEA  596  (Premises)  &  696  (I/O) 

Single  Mode:  Aa  <  0.4  dB/km  @  1550  nm 
Multi-mode:  Aa  <  0.6  dB/km  @  1300  nm 

Plenum:  0  °C 

Riser:  -20  °C 

Indoor/Outdoor: 

-40  °C 

Telcordia  GR-409 

Before  Aging: 

Single  Mode:  Aa  <  0.3  dB/km  @  1550  nm 
Multi-mode:  Aa  <  0.6  dB/km  @  1300  nm 

After  Aging: 

Single  Mode:  Aa  <  0.6  dB/km  @  1550  nm 
Multi-mode:  Aa  <  1.2  dB/km  @  1300  nm 

As  mentioned  above,  the  need  for  a  microbend  resistant  buffering 
system  is  especially  important  for  50  pm  multi-mode  fibers. 
Another  important  performance  attribute  is  low  temperature  optical 
performance.  Unfortunately,  by  choosing  a  high  modulus  buffer 
material,  the  amount  of  force  imposed  by  the  contraction  of  the 
buffer  material  on  the  optical  fiber  at  low  temperatures  may  cause 
attenuation  increase  if  not  properly  designed.  Meeting  the 
environmental  attenuation  requirements  becomes  increasingly 


difficult  as  one  designs  cables  from  single  mode  fiber  to  62.5  pm 
multi-mode  fiber  to  50  pm  multi-mode  fiber. 


1.4  Single  vs.  Dual-Layered  Buffered  Fibers 

In  order  to  meet  all  the  requirements  described  above,  a  dual¬ 
layered  high  modulus  buffered  structure  is  used.  Figure  1,  below, 
shows  the  typical  structure  of  a  single  layer  buffered  fiber  with  a 
standard  250  pm  fiber  in  the  center,  surrounded  by  a  buffer  material 
to  an  outer  diameter  of  900  pm.  Again,  while  it  is  possible  to  make 
a  high  modulus  single  layered  buffered  optical  fiber,  the  buffer 
material  will  adhere  to  the  optical  fiber  coating,  such  that  the  buffer 
cannot  be  removed  without  also  removing  optical  fiber  coating. 


O-  900  um  OP  Buffer 
250  um  Fiber 

_  Figure  1 _ 

Figure  2  shows  the  dual  layered  buffered  fiber  structure.  The 
compliant  layer,  shown  in  the  figure,  not  only  allows  the  fiber  to  be 
stripped  off  the  buffer  material  without  removing  the  coating,  but 
also  greatly  enhances  its  microbend  and  low  temperature 
performance,  as  will  be  shown  below. 


900  um  OP  Buffer 
Compliant  Layer 


Figure  2. 


2.  Experimental 

2.1  Test  Matrix 

Shown  in  Table  2  are  the  tests  that  were  performed  in  this 
evaluation. 


Table  2.  Testing  Matrix 


Test 

Procedure 

Strip  Force 

FOTP  178 

Microbend  Resistance 

Short  Length  Method 

Environmental  Cvclinq 

Modified  GR-20 

Compliant  Layer  Modulus 

Dynamic  Mechanical  Analysis 

2.2  Strip  Force 


The  test  was  performed  according  to  FOTP-178  using  Instron  Series 
IX  or  Model  4501  tensilometer  with  a  10  N  (1.02  kg)  load  cell,  a 
cross-head  speed  of  0.5  in/min  and  15  mm  strip  length.  A 
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Microstripper*  brand  stripper  was  used.  The  maximum  load 
detected  during  the  test  was  considered  the  strip  force.  A  0.016” 
(406  pm,  orange)  stripper  was  used  to  remove  only  the  buffer 
material  and  leave  the  optical  fiber  coating  intact.  Samples  were 
tested  before  and  after  temperature  cycling,  which  included  5  days 
of  85°C  aging. 

2.3  Microbend  Resistance 

Microbend  resistance  was  performed  using  a  “short  length”  method 
where  the  buffered  fibers  were  pressed  against  900  pm  wires 
between  two  flat  plates  where  the  fiber  and  wires  were 
perpendicular  to  each  other.  The  number  of  wire-to-fiber  crossovers 
was  typically  25  (5  -  900  pm  wires  X  5  buffered  fiber  passes).  The 
fiber  was  connected  to  the  multi-mode  power  meter  output, 
wrapped  around  a  1”  mandrel  mode  stripper,  run  through  the 
microbend  apparatus  and  terminated  to  the  input  of  the  power 
meter.  The  reference  attenuation  of  the  set-up  was  measured 
without  the  top  plate,  then  weights  were  added  in  a  step-wise 
fashion  and  the  attenuation  change  was  recorded.  Results  are 
expressed  in  attenuation  versus  weight  per  crossover  (lbs/XO).  The 
maximum  weight  per  crossover  used  was  below  the  elastic  limit  of 
the  buffer  material. 

2.4  Temperature  Cycling 

Temperature  cycling  was  performed  in  a  Tenny  Engineering  Model 
WI-40150  walk-in  thermal  chamber.  The  attenuation  change  was 
measured  using  an  OTDR.  Samples  were  first  taken  off  the  reel  and 
made  into  loose  coils.  These  loose  coils  were  then  placed 
horizontally  in  trays  and  put  into  the  walk-in  chamber.  The 
temperature  cycle  used  is  shown  in  Figure  3.  Each  temperature  was 
held  for  24  hours  and  the  attenuation  was  measured  at  the  end  of 
each  24  hour  period. 


Environmental  Temperature  Cycling  Program 


0  24  48  72  96  120  144  168  192  216  240  264  288  312 


Hours 

_ _ Figure  3.  _ 

2.5  Dynamic  Mechanical  Analysis  (DMA) 

Samples  were  tested  on  a  TA  Instruments  Model  2980  DMA 
(Version  1.7B  Firmware)  using  a  film  specimen  holder  in  tension 


configuration.  Samples  were  tested  from  -100  °C  to  150  °C  at  the 
rate  of  2  °C/minute. 

3.  Results  and  Discussion 

3.1  Buffer  Removal  -  Strip  Force 

Many  customers  expect  to  be  able  to  strip  the  high  modulus  buffer 
off  the  optical  fiber  without  removing  the  optical  fiber  coating. 
They  also  expect  to  be  able  to  do  this  after  the  cable  has  aged.  The 
strip  force  results  before  and  after  5  days  of  aging  at  85  °C,  using  16 
mil  (406  pm)  strippers  are  shown  in  Table  3,  below.  While  the  strip 
force  values  are  on  the  high  side  of  the  typical  specification  (0.5  lbs 
-  3  lbs.),  in  all  cases,  the  optical  fiber  coating  was  left  intact  and 
undamaged.  Aging  only  slightly  reduces  the  strip  force.  Further, 
the  thickness  of  the  compliant  layer  does  not  affect  the  strip  force  to 
any  measurable  extent. 


Table  3.  Strip  Force  using  0.016”  Strippers 


New 

Compliant 

Layer 

Thickness 

Unaged 
Strip  Force 
(lbs) 

5  Day/85°C 
Aged  Strip 
Force 

Optical 
Coating  Intact 
& 

Undamaged? 

58%  Ref 

2.9  ±0.1 

2.7  ±0.2 

Yes 

80%  Ref 

2.9  ±0.1 

2.4  ±  0.3 

Yes 

Reference 

2.9  ±0.1 

2.1  ±0.2 

Yes 

3.2  Microbend  Resistance 

In  order  to  get  a  perspective  of  how  different  the  microbend 
sensitivity  is  between  a  single  layer  buffered  fiber  with  a  relatively 
soft  buffer,  like  low-smoke  zero-halogen  (LSZH)  or  low-smoke 
PVC  (LSPVC),  and  a  dual-layered  buffered  fiber  with  a  higher 
modulus  buffer,  like  nylon,  and  compliant  inner  layer,  the  short 
length  microbend  test  was  performed  on  these  two  buffer  structures 
using  50  pm  Laserwave™  multi-mode  fiber.  Figure  4,  on  page  4, 
shows  the  results  of  that  test  where  the  error  bars  are  3  standard 
deviations.  Clearly,  the  dual-layered  structure  using  nylon  and 
compliant  inner  layer  performs  much  better  than  either  the  LSPVC 
or  the  LSZH  buffered  fiber.  In  critical  applications,  for  example, 
jumpers  or  interconnect  cables  used  in  the  central  office,  having  a 
dual-layered  structure  is  advantageous. 

The  microbend  performance  of  the  dual-layered  structure  is 
dependent  on  the  mechanical  properties  of  both  the  buffer  material 
and  the  compliant  layer  between  the  buffer  and  the  optical  fiber. 
The  microbend  resistance  between  the  former  and  new  compliant 
layers,  which  have  different  elastic  moduli,  are  shown  in  Figure  5, 
on  page  4.  Note  that  the  error  bars  in  Figure  5  are  only  one  (1) 
standard  deviation.  Following  the  models  used  to  optimize  optical 
fiber  performance,  the  new  compliant  layer  was  designed  to  have  a 
lower  modulus  compared  with  the  former.  The  chart  in  Figure  5 
shows  that  the  lower  modulus  material  performs  better  than  the 
former  higher  modulus  compliant  layer  material. 


*  Microstripper  is  a  brand  name  of  Micro  Electronics,  Inc. 
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1.05 


Load  per  Crossover  (Ibs/XO) 

Figure  4. 


Mlcrobend  Resistance  for  50m  LaserWave  MM  Fiber 
with  Different  Buffering  Systems 


0.80  0.85  0.90  0,95  1.00 


As  might  be  expected  as  well,  microbend  resistance  of  the  dual¬ 
layered  structure  also  depends  on  the  thickness  of  the  compliant 
layer.  Figure  6,  below,  shows  the  effect  of  varying  the  thickness  of 
the  compliant  layer  to  80%  and  58%  of  the  reference  thickness. 
Note  that  the  same  50  pm  LaserWave™  fiber  was  used  for  all  three 
thicknesses  to  insure  that  the  differences  were  due  the  thicknesses 
and  not  from  any  difference  in  the  optical  properties  of  the  fiber. 


Comparison  of  Compliant  Layers: 


0.75  0.80  0.85  0.90  0.95  1.00  1.05 

Load  per  Crossover  (Ib/XO) 

_ Figure  5. 


In  order  to  ascertain  the  long  term  reliability  of  the  new  compliant 
layer,  the  same  samples  shown  below  in  Figure  6,  were  taken  from 
the  temperature  cycling  test,  discussed  below,  and  evaluated  for 
microbend  resistance.  Figure  7,  below,  shows  the  results  of  aging 
the  dual-layer  nylon  buffered  50  pm  LaserWave™  fibers.  For  the 
“58%”  and  “80%”  thicknesses,  the  microbend  sensitivity  decreased, 
whereas,  for  the  “Reference”  thickness,  there  was  no  measurable 
change  in  microbend  sensitivity.  These  results  demonstrate  that  the 
compliant  layer  maintains  its  elasticity  even  after  aging.  The  reason 
for  the  decrease  in  microbend  sensitivity  of  the  dual-layer  nylon 


buffered  fiber  can  be  explained  by  the  increase  in  the  modulus  of 
the  nylon  buffer.  As  mentioned  above,  the  microbend  resistance 
depends  not  only  on  the  modulus  of  the  compliant  layer,  but  also  on 
the  modulus  of  the  buffer  material.  The  aging  temperature  is  above 
the  glass  transition  temperature,  Tg,  of  the  nylon  and  allows  the 
crystallinity  of  the  nylon,  and  hence  the  modulus,  to  increase.  This 
conclusion  was  confirmed  using  dynamic  mechanical  analysis. 7 


Effect  of  Compliant  Layer  Thickness  on  Microbending 


0.70  0.75  0.80  0.85  0.90  0.95  1.00  1.05 


Load  per  Crossover 

Figure  6. 


Figure  7. 


Effect  of  5  Day  /  85°C  Aging  on  Microbonding  of 
~  ~  LaserWave  Fiber 


-  58%  Ref  Unaged 
•  80%  Ref  Unaged 

“♦—Reference  Unaged 

-  *  Aged  58%  Ref 

-  •  'Aged  80%  Ref 

"  •  'Aged  Reference 


0.0 

0.70 


0.75 


0.80  0.85  0.90  0.95 

Load  per  Crossover  (Ibs/XO) 


1.00 


1.05 


3.3  Environmental  Cycling 

While  having  a  high  modulus  buffer  provides  substantial 
improvement  in  performance  for  pull-proof  connectors  and  for 
microbend  resistance,  a  high  modulus  buffer,  like  nylon  or  PBT, 
while  perfectly  suited  for  indoor  cable  applications,  becomes  a 
design  challenge  when  it  comes  to  environmental  or  temperature 
cycling  at  low  temperatures  for  outside  plant  environments,  e.g. 
indoor/outdoor  cables.  The  reason  is  a  simple  mechanical  one:  as 
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the  temperature  decreases,  the  buffer  shrinks  in  proportion  to  its 
thermal  expansion  coefficient  and  imposes  a  force  on  the  optical 
fiber  that  is  proportional  to  the  cross-sectional  area  times  the 
modulus  of  the  buffer  material.  There  are  a  number  of  methods  to 
counteract  or  mitigate  the  compression  force  imposed  by  the  buffer 
material  at  low  temperature. 

The  most  commonly  used  approach  is  to  build  in  anti-compression 
or  anti-buckling  elements,  like  glass  reinforced  plastic  (GRP),  into 
the  cable  design.  In  this  approach,  the  buffered  fiber  is  coupled 
mechanically  to  the  anti-buckling  strength  element.  Note  that 
aramid  yam  does  not  have  any  anti-buckling  properties.  When  the 
buffered  fiber  is  coupled  to  an  anti-buckling  strength  element, 
compression,  along  with  concomitant  increases  in  microbending 
and  attenuation,  is  prevented  when  the  cable  is  exposed  to  low 
temperatures.  However,  anti-buckling  elements  not  only  add 
significant  cost  to  a  cable,  but  also  add  stiffness  and  weight,  making 
the  cable  less  flexible  and  more  difficult  to  handle  than  those  cables 
with  fewer  or  no  anti-buckling  elements. 

Another  approach  is  provided  by  the  dual-layer  design.  In  the  dual¬ 
layer  design,  the  compliant  layer  reduces  the  ability  of  the 
compression  force  of  the  shrinking  buffer  material  to  couple  fully  to 
the  optical  fiber.  The  decoupling  action  of  the  compliant  layer 
reduces  microbending  and,  hence,  reduces  attenuation  loss.  This 
decoupling  action  in  the  dual  layer  tight  buffer  simplifies  the  design 
of  cables,  for  example,  indoor/outdoor  cables,  where  a  reduction  in 
stiff  anti-buckling  elements  produces  cables  that  are  lighter,  more 
flexible  and  easier  to  handle.  As  might  be  expected,  both  the 
temperature  dependent  modulus  and  the  thickness  of  the  compliant 
layer  affect  the  layer’s  ability  to  isolate  the  optical  fiber  from  the 
compressive  force  of  the  buffer  material  as  the  environmental 
temperature  is  lowered. 


1300  nm  Loose  Coil  Attenuation  Change 


23  -20  -40  85  85  85  85  85  0  -20  -40  -50  23 


Temperature  Cycle  (°C  -  24  Hours) 

Figure  8. _ 


graph  clearly  shows  that,  even  for  the  former  compliant  layer,  some 
anti-buckling  elements  would  be  needed  to  prevent  attenuation 
increase  for  50  pm  multi-mode  fiber  in  an  outside  plant 
environment.  However,  for  the  new  compliant  layer,  the 
attenuation  change  is  less  than  0.5  dB  even  down  to  -50°C,  easily 
meeting  both  ICEA  and  Telcordia  requirements.  Note  that  ICEA 
does  not  require  an  85°C  aging  step. 

What  makes  the  low  temperature  performance  possible  is  the  low 
glass  transition  temperature  (Tg)  of  the  new  compliant  layer 
compared  to  the  former  layer.  In  Figure  9,  below,  the  dynamic 
mechanical  analysis  of  the  former  and  new  compliant  layers  clearly 
shows  the  difference  in  the  Tg  of  the  two  layers.  The  elastic 
modulus  of  the  new  compliant  layer  is  essentially  flat  from  1 50  °C 
down  to  -20  °C. 


4.  Conclusions 

A  new  compliant  layer  has  been  shown  which  greatly  enhances  the 
low  temperature  and  microbend  resistance  of  dual-layered  tight 
buffered  fiber,  which  is  especially  important  for  low  DMD  50pm 
multi-mode  fiber.  The  new  compliant  layer  provides  for  new  design 
options,  including  the  use  of  special  thermoplastic  buffer  materials, 
for  example,  which  give  enhanced  fire  protection  while  maintaining 
good  temperature  and  microbend  resistance.  The  improved 
performance  allows  OEM’s,  system  integrators  and  cable 
manufacturers  to  benefit  from  both  the  increase  bandwidth 
performance  of  low  DMD  fibers,  such  as  LaserWave  XL  ™,  and 
the  exceptional  environmental  and  handling  characteristics  of  dual 
layered  stiff  tight  buffer  optical  fiber.  Coupling  these  improvements 
with  the  proven  performance  of  pull-proof  connector,  like  the  LC 
connector,  provide  exceptional  performance  and  long-term 
reliability  for  every  customer. 


Shown  in  Figure  8,  above,  is  the  850  nm  attenuation  change  versus 
environmental  temperature  cycling  of  loose  coils  of  dual-layer 
nylon  buffered  fiber  with  the  former  and  new  compliant  layers.  The 
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Abstract 

These  days,  optical  fiber  cable  has  been  developed  with  high 
density,  compact,  low  cost  and  high  performance.  To  satisfy  these 
demands,  ribbon  cable  has  been  developed.  Using  ribbon 
technology,  the  time  and  cost  of  termination  could  be  saved. 
Ribbon  technology  brings  significant  advancement  in  fiber 
packing  density  and  handling.  Recently,  to  increase  efficiency  of 
duct  space  high  fiber  count  ribbon  cable  is  preferred,  however 
cost  of  poor  quality  due  to  unstable  process  is  heavier  to  the 
manufacturer  as  fiber  count  increasing.  We  can  categorize  the 
ribbon  technology  in  two  models,  which  are  slot  core  and  central 
core  ribbon  cable.  In  this  paper,  we  describe  the  tubing  process, 
which  is  the  essential  in  the  manufacturing  a  central  core  ribbon 
cable 

Keywords 

Central  core  ribbon  cable;  filling  compound;  stranding  pitch;  optic 
attenuation;  ERL;  cable. 

1.  Introduction 

For  fiber  optic  ribbon  cables,  the  ideal  design  is  inserting  a  high 
number  of  optical  fibers  within  a  small  size.  Of  course,  optical 
loss  should  be  minimized.  Proper  selection  of  raw  material, 
idealized  OFC  (Optical  Fiber  Cable)  design,  stabilized 
manufacturing  process  and  other  factors  shall  be  considered 

Our  work  is  focused  on  investigating  ERL  (excess  ribbon  length) 
change  and  optical  attenuation  change  when  applying  several 
filling  compounds  with  different  ribbon  stranding  pitches.  Used 
raw  material  of  ribbon  tube  was  modified-PP  (Polypropylene)  for 
better  mechanical  and  environmental  properties.  With  fitting  the 
tube  material,  the  changes  of  the  ERL(Excess  Ribbon  Length)  and 
the  optical  attenuation  were  investigated  when  applying  several 
filling  compounds  and  stranding  pitches.  Description  of  other 
process  parameter  conditions  for  the  test  is  shown  in  table  1 . 

Two  types  of  gels  are  used  in  the  ribbon  tube.  One  is  pre-gel, 
which  is  applied  in  the  interstices  of  ribbon  stack  and  the  other  is 
main-gel,  which  is  applied  between  ribbon-stack  and  core  tube. 
When  investigated  the  properties  of  the  ribbon  tube,  the 
viscosities  of  pre-gel  and  main-gel  differently  applied. 


Table  1.  Process  parameter  condition  for  the  test 


Pay-off 

tension 

Gel’s  hose 
temperature 

Water  cooling 
temperature 

Tension  of 
capstan 

Take-up 

tension 

(g) 

(t) 

(t) 

(N) 

(kg) 

70 

70 

15 

20 

2.5 

*  Heating  temperature  of  pre-gel  and  main-gel  hose  are  same 
through  whole  tests 


As  like  described  above,  ERL  and  optical  attenuation  were 
measured  regarding  several  conditions  of  gel  and  stranding  pitch. 
Through  the  measurements,  we  could  choose  the  optimal 
condition  and  observed  several  properties  when  the  tube  is  cabled. 

Finally,  temperature  cycling  test  was  done  to  the  OFC 
manufactured  with  the  optimal  conditions. 

2.  Experiment 

2.1  Material  selection  and  test  condition 

Function  of  filling  compound  in  central  core  ribbon  cable  is  so 
important  that  several  types  of  filling  compounds  were 
investigated.  Because,  there  are  lots  of  filling  compounds  in  the 
market  for  central  core  ribbon  cable  application,  widely  used  gels 
were  selected.  Gel  plays  important  role  in  protecting  the  ribbon 
fibers.  And  the  ribbon-stack  in  the  core  tube  has  18  ribbons  and 
each  ribbon  includes  12  optical  fibers. 

2.1.1  Filling  compound  Gel  for  filling  compound  has  many 
properties  such  as  density,  cone  penetration,  viscosity,  oil 
separation,  volatility  and  so  on.  Among  them,  viscosity  should  be 
considered  most  importantly,  because  the  ERL  of  ribbon  cable 
and  the  free  movement  are  influenced  by  it.  So,  the  gels  having 
different  viscosities  were  used  for  our  test. 

2.1.2  Ribbon  stranding  pitch  Appling  the  stranding  pitch  to 
the  stacked  ribbons  makes  the  structure  in  the  tube  symmetric. 
When  the  ribbon  cable  is  under  bending,  the  symmetric  structure 
plays  a  role  in  maintaining  the  optical  fiber  performance  through 
happening  the  stable  relaxation  in  the  direction  of  minimizing  the 
strain  energy.  Since  the  shorter  the  ribbon  stranding  pitch  is,  the 
smaller  the  bending  radius  is  possible,  so  it  is  desirable  to  shorten 
the  stranding  pitch  in  OFC  design.  But  if  the  stranding  pitch  is  too 
short,  the  fiber  strain  may  be  increased. 

2.2  Ribbon  tubing 

Tubing  process  is  inserting  ribbons-stacked  into  a  core  tube  in 
manufacturing  the  OFC. 
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The  gels  used  in  our  test  have  the  same  properties  except  viscosity. 
And,  stranding  pitches  of  2  types  were  selected.  Table  2  shows 
the  test  conditions  of  the  gel  viscosity  and  ribbon  stranding  pitch. 

Table  2  Test  Condition 

(Viscosities  of  pre-gel&  main-gel,  stranding  pitch) 


Test 

Viscosity  of 
main-gel 

(mpa) 

Viscosity  of 
pre-gel 

(mpa) 

Stranding 

pitch 

T-1 

High 

High 

60 

T-2 

High 

High 

80 

T-3 

High 

Low 

60 

T-4 

High 

Low 

80 

T-5 

Low 

High 

60 

T-6 

Low 

High 

80 

T-7 

Low 

Low 

60 

T-8 

Low 

Low 

80 

*  Test  Method  (viscosity  of  gel):  Shear  rate  D=50S  '(at  25  °C) 
Stranding  pitch:  the  multiple  number  of  tube  outer  diameter 


2,2.1  ERL  on  ribbon  tube  In  manufacturing  ribbon  cable, 
controlling  ERL  is  the  important  factor  that  determines  the  cable 
properties.  And  not  only  average  value  of  ERL  but  also  ERL 
difference  (length  difference  of  each  ribbon  in  stacked  ribbon) 
could  influence  to  the  properties  of  ribbon  cable.  So,  ERL  and 
ERL  difference  should  be  controlled  to  improve  the  properties  of 
ribbon  cable.  The  measurements  of  ERL  were  done  to  the  5m  of 
ribbon  tube  after  1  hour  passed  from  manufacturing  the  tube. 
Figure  1  illustrates  the  average  value  of  ERL  regarding  each  test 
condition.  _ _ 


T-1  1-2  T-3  T-4  T-5  T-6  T-7  T-8 


Figure  1.  ERL  (average)  vs.  Test  condition 

Based  on  average  ERL  values  from  Figure  1,  we  found  that  there 
are  somewhat  differences  of  them  in  the  ribbon  tube  with  different 
filling  compounds  and  different  stranding  pitches.  Even  though 
they  have  their  values  different  from  other  test  results,  they  are  so 
small  to  neglect.  It  means  that  it  is  not  suitable  for  finding 
relationships  between  viscosity  of  main-gel,  viscosity  of  pre-gel 
and  stranding  pitch.  So,  we  approached  with  another  method  to 
find  functions  of  them.  However,  another  manufacturing  process 
parameters  are  not  varied. 


Although,  average  ERL  value  did  not  play  an  important  role  in 
find  functions  of  them,  basic  concept  of  designing  central  core 
ribbon  tube  is  in  ERL  value.  So,  we  approached  with  ERL  values 
of  each  ribbon- stacks. 

From  Figure  2,  when  viscosity  of  pre-gel  is  high,  edged  ribbons 
showed  high  ERL  values  than  that  of  inside  ones.  This 
phenomenon  comes  from  the  fact  that  the  stranding  radius  of  the 
edged  ribbon  is  larger  than  that  of  the  centered  ribbon  by  applying 
the  stranding  pitch  to  the  ribbon-stack.  But,  the  ERL  values  of 
edged  ribbons  are  longer  than  other  edged  ribbons  in  the  case  of 
the  high  viscosity  of  pre-gel.  This  excessive  ERL  on  specific 
ribbons  can  influence  to  the  quality  of  the  cable 


Figure  2.  ERL  difference  vs.  test  condition 


2.2.2  optic  attenuation  on  ribbon  tube  Figure  3  shows 
optical  attenuation  losses  of  samples.  From  Figure  3,  they  show 
two  trends.  One  is  high  maximum  value  and  relatively  high 
average  optical  attenuation  value.  The  other  is  relatively  low 
maximum  value  and  low  average  value  at  1550nm  wavelength. 
But,  there  is  no  difference  at  1310nm  wavelength.  These  results 
give  us  some  useful  information  that  unsuitable  selection  of  pre¬ 
gel  can  cause  optical  attenuation  increase. 


T-1  T-2  T-3  T-4  T-5  T-6  T-7.  T-8 


Figure  3.  Optic  attenuation  vs.  test  condition 

From  Figure  3,  the  function  of  pre-gel  in  central  core  ribbon  tube 
can  be  explained.  Sample  T-3,  T4,  T-7  and  T-8  applied  low 
viscosity  pre-gel  in  interstices  of  ribbon-stacks  and  they  showed 
low  optical  loss.  It  means  that  friction  force  between  ribbon  stacks 
plays  an  important  role  in  optical  characteristics  of  ribbon  tube. 
High  friction  between  ribbon-stacks  can  cause  microbending, 
compression  and  other  unexpected  results.  In  addition,  low 


International  Wire  &  Cable  Symposium 


45 


Proceedings  of  the  51st  IWCS 


friction  between  ribbon-stacks  can  minimize  optical  changes. 
However,  viscosity  of  pre-gel  can  control  the  ERL  of  ribbon  tube. 
From  test  results  based  on  ERL,  OFC  design  was  done  and  further 
tests  were  conducted. 

2.3  Cable  Test 

2.3.1  Design  Among  ribbon  tube  designs  in  Table  2,  OFC  for 
verification  was  manufactured  with  the  same  process  parameters. 
They  have  stranding  pitch  of  tube  outer  diameter’s  60  times  and 
different  pre-gel  and  main-gel.  Figure  4  shows  OFC  structure. 


Ribbons  (12c*18) 
Filling  Compound 
Core  Tube 
Strength  Member 
Outer  Jacket 


Figure  4.  Structure  of  Cable 


(216-Fibers  Central  Core  Ribbon  Cable) 


2.3.2  Test  Cable  There  is  the  optical  attenuation  after  cabling 
in  the  figure  5.  Figure  5  shows  the  stable  optical  attenuation  in  the 
all  types  of  cable.  This  comes  from  the  effects  of  decreasing  the 
strain  in  the  ribbon  fiber  after  cabling. 


T-3  T-5  1-7 


Figure  5.  Optic  attenuation  vs.  test  condition 

The  standard  defined  in  GR-20-CORE  for  temperature  cycle  test 
is  as  follows;  1)  Temperature  range:  -40 °C  ~  +70 1,  2)  No.  of 
cycle:  2,  3)  duration  of  each  step:  24  hours.  And  the  test  results 
plotted  in  Figure  6.  From  the  plot  we  can  know  that  optical 
attenuation  at  the  low  temperature  seemed  to  be  very  low  and 
stable  throughout  the  cycle  and  the  optical  attenuation  differences 
from  the  reference  temperature  at  both  wavelength  (1310nm  and 
1550nm)  are  much  smaller  than  the  value  specified  in  the  GR-20- 
CORE 
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Figure  6.  Optic  attenuation  vs.  Temperature 
during  temperature  cycling 

3.  Discussion 

In  this  paper,  the  effects  of  the  viscosity  of  gel  and  the  stranding 
pitch  to  ERL  and  optical  attenuation  were  investigated  .In 
conclusion,  it  was  discovered  that  viscosities  of  pre-gel  and  main- 
gel  are  important  factors  to  the  optical  attenuation.  The  viscosity 
of  gel  has  property  that  is  inversely  proportional  to  the 
temperature.  From  the  fact  that  optical  attenuation  is  influenced 
by  viscosity  of  gel,  we  can  have  the  same  effect  of  using  low 
viscosity  gel  by  heating  high  viscosity  gel. 

Applied  stranding  pitches  of  60  and  80  times  of  the  tube  outer 
diameter  don’t  degrade  the  ERL  and  optical  attenuation.  But, 
decreasing  less  or  increasing  more  may  bring  other  phenomenon. 
Through  addition  study  about  the  stranding  pitches,  the  optimal 
length  can  be  found. 

4.  Conclusion 

The  goal  of  this  paper  is  selecting  gel  and  determining  stranding 
pitch  to  establish  the  stable  process  in  manufacturing  of  central 
core  ribbon  tube. 

In  selecting  gel,  viscosity  is  the  important  factor  and  by  applying 
the  different  viscosities  of  pre-gel  and  main-gel  we  could  obtain 
better  results.  In  addition  it  was  discovered  that  the  stranding 
pitches  between  60  and  80  times  of  the  tube  diameter  don’t  bring 
side  effects. 

Finally,  we  manufactured  216-fiber  central  core  ribbon  cable  with 
the  tubes  having  the  optimal  tubing  conditions  and  the  cable 
showed  good  stability  in  a  wide  temperature  range  (-40  °C  ~ 
+70t) 
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Abstract 

In  order  to  meet  the  requirements  for  multi-fiber  and  high  density 
optical  connection  in  DWDM  (Dense  Wavelength  Division 
Multiplexing)  systems,  we  have  developed  a  super  low  loss  MPO 
connector  using  injection  molded  PPS  ferrule.  Furthermore,  we  also 
propose  to  chamfer  around  the  guide-pin  holes  near  the  connection 
end  face  to  improve  durability  against  repeated  mating.  We  have 
confirmed  that  this  is  highly  effective  in  preventing  cracks  and 
damage  around  the  guide-pin  holes  near  the  end  face  and  contribute 
to  the  stability  of  insertion  loss  levels.  The  trial  chamfer-type  single¬ 
mode  MPO  connectors  have  exhibited  satisfying  characteristics 
including  maximum  insertion  loss  of  less  than  0.35dB;  maximum 
loss  change  of  less  than  0.2dB  when  repeatedly  mated  up  to  500 
times;  and  maximum  loss  increase  of  less  than  0.2dB  during 
reliability  tests  based  on  GR1435. 

Keywords 

MPO  connector;  PPS  (Polyphenylene  Sulfide);  Injection  molding; 
Chamfer; 

1.  Introduction 

In  recent  years,  the  advancement  of  high-speed  and  large-capacity 
fiber  optic  communication  systems,  based  on  technologies  such  as 
DWDM  (Dense  Wavelength  Division  Multiplexing),  has  been 
driven  by  the  rapid  growth  of  the  Internet.  Optical  connectors  are 
an  essential  part  of  DWDM  technology.  Although  single-fiber  SC 
connectors  have  been  widely  used,  requirements  for  multi-fiber  and 
high  density  connection  interfaces  of  DWDM  components,  such  as 
the  MPO  connector  and  the  MPX  connector,  have  been  increasing 
in  recent  years.  The  most  popular  8-fiber  MPO  connector  has  5 
times  as  high  fiber  density  as  the  SC  connector,  enabling  users  to 
construct  higher  capacity  systems. 

However,  it  has  been  very  difficult  to  realize  multi-fiber  low  loss 
connection  equivalent  to  that  of  the  single-fiber  SC  connector, 
because  the  multi-fiber  connector  needs  highly  precise  ferrule  which 
positions  plural  fibers  precisely.  It  has  also  been  very  difficult  to 
improve  the  productivity  of  conventional  ferrule  manufacturing 
processes  using  thermosetting  epoxy  resin,  since  the  thermosetting 
resin  requires  a  certain  amount  of  time  to  harden.  Furthermore,  in 
conventional  MPO  connectors  including  MT  ferrules,  problems 
have  included  cracks  and  damage  around  guide-pin  holes  near  the 
end  face  when  repeatedly  mated,  which  can  potentially  affect 
stability  of  connection  loss  levels. 


To  meet  the  demands  for  multi-fiber  and  high  density  connectors 
with  a  higher  level  of  productivity,  we  have  been  studying  these 
problems,  and  have  developed  a  chamfer-type  super  low  loss  multi¬ 
fiber  MPO  connector  using  injection-molded  ferrule.  In  this  paper, 
we  describe  the  design  concepts  of  low  loss  connections,  the 
manufacturing  of  the  highly  precise  ferrules  with  injection  molding 
method,  optical  characteristics  and  reliability  tests  of  a  trial  product 
of  8-fiber  MPO  connectors.  Finally,  we  mention  the  trial  results  of 
12-fiber  MPO  connectors  and  16-fiber  narrower-pitch  MPO 
connectors  as  a  primary  step  for  a  higher  density  connection. 

2.  MPO  Connector  Features 

Figure  1  shows  the  structure  of  the  MPO  connector  It  was 

standardized  in  IEC  (IEC6 1754-7),  and  is  45mm  in  length, 
12.6mm  in  width  and  7.7mm  in  height.  The  MPO  connector 
consists  of  a  pair  of  MT  ferrules,  two  guide-pins,  two  housings 
and  an  adaptor. 

The  MT  ferrule  is  a  key  part  which  determines  the  connection 
characteristics  of  the  connector.  The  ferrule  has  two  guide  holes 
and  plural  fiber  holes  (12  maximum).  The  guide  pin  and  fiber  hole 
pitch  are  4.6mm  and  0.25mm,  respectively.  In  order  to  achieve 
low  insertion  loss  of  single-mode  fiber,  the  offset  of  fiber  hole 
from  the  designed  position  must  be  less  than,  or  equal  to,  Ipm. 
Thus,  conventional  MT  ferrules  have  been  manufactured  using 
transfer  molding  which  is  easier  to  obtain  accuracy,  but  have 
lower  productivity. 


Figure  1.  MPO  connector 

Fibers  are  inserted  into  the  fiber  holes  and  fixed  to  the  MT  ferrule 
by  adhesive.  The  ferrules  at  each  face  are  accurately  polished  and 
accommodated  in  each  housing,  where  they  are  accurately  aligned 
by  inserting  guide  pins  into  the  guide  holes  of  each  ferrule.  The 
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MPO  connector  is  easy  to  connect  and  disconnect  through  a  MPO 
adaptor  and  housings. 

To  achieve  high  return  loss  without  refractive  index  matching 
material,  the  end  face  of  the  fiber  and  the  ferrule  are  polished  at  an 
angle  of  8  degree,  and  the  end  faces  of  fibers  must  be  accurately 
polished  to  make  contact  with  opposing  end  faces  of  fibers. 

3.  Design  of  Low  Loss  Connector 

The  dominant  factor  of  insertion  loss  in  optical  connectors  is  the 
offset  of  fiber  core  from  the  designed  position.  Fiber-core  offset  in 
the  MPO  connector  is  expressed  by  the  sum  of  the  influence  of 
offsets  in  the  ferrule,  guide  pins  and  fibers[4].  Namely,  fiber-core 
offset  in  the  MPO  connector  is  expressed  by  the  following:  1)  fiber- 
hole  offset  from  designed  position  in  the  ferrule;  2)  clearance 
between  the  fiber  and  fiber  hole;  3)  fiber-core  offset  from  the  center 
of  the  fiber;  4)  clearance  between  the  guide  pin  and  guide-pin  hole, 
as  shown  in  Figure  2. 


1)  fiber  hole  offset 
from  designed 
position 


2)  Clearance  between 
Fiber  and  fiber  hole 


3)  Fiber-core  offset  from  the  center 
of  fiber 


Figure  2.  Causes  of  fiber  core  offset 

On  the  other  hand,  if  we  assume  that  the  distribution  of  fiber-core 
offset  has  an  average  of  zero,  we  can  calculate  the  theoretical 
distribution  of  the  random  connection  loss  with  the  standard 
deviation  of  fiber-core  offset.  By  varying  the  standard  deviation  of 
the  fiber-core  offset  as  a  parameter,  we  calculated  the  theoretical 


distribution  of  random  connection.  As  a  result  of  these  theoretical 
studies,  we  determined  that  the  valid  design  value  of  standard 
deviation  for  fiber-core  offset  to  achieve  random  connection  loss  is 
0.35dB  maximum,  taking  into  account  the  present  accuracy  of  each 
part. 

In  order  to  design  the  MPO  connector  with  a  low  insertion  loss  of 
0.35dB  maximum,  we  investigated  the  possibility  of  reducing  the 
fiber-core  offset  and  the  deviation  of  fiber-core  offset.  As  a 
consequence  of  this  investigation,  we  determined  that  it  was 
necessary  not  only  to  reduce  the  fiber  hole  offset  by  adjusting  the 
mold,  but  also  to  reduce  the  clearance  between  the  guide  pins  and 
guide-pin  holes,  and  optical  fiber  and  fiber  holes. 

We  designed  the  size  tolerance  of  the  MT  ferrule,  fiber  and  guide 
pin  so  that  the  sum  of  the  deviations  on  each  part  become  equal  to 
the  deviation  of  the  fiber-core  offset  we  determined  above.  Namely, 
the  ideal  position  for  the  fiber-hole  offset  was  designed  to  be  less 
than  0.7pm,  and  the  clearance  tolerance  for  guide-pin  holes  and 
fiber  hole  was  designed  to  be  less  than  0.3pm  respectively. 
Furthermore,  we  determined  that  the  tolerance  for  the  fiber-hole  tilt 
to  be  less  than  0.2  degree  maximum  to  reduce  insertion  loss  by 
influence  of  angular  offset  of  fiber  axis  in  MPO  connector. 


4.  Manufacturing 

MT  ferrule,  which  determines  the  characteristics  of  insertion  loss 
in  MPO  connectors,  is  the  most  important  part.  We  manufactured 
MT  ferrules  with  an  injection-molding  method  of  PPS  resin.  In 
this  section,  we  describe  the  precise  molding  resin,  precise  mold 
and  molding  condition  as  key  technologies  to  realize  the  precise 
MT  ferrules.  Furthermore,  we  propose  to  chamfer  around  guide-pin 
holes  to  avoid  cracks  or  damage  by  inserting  opposing  guide  pins 
into  the  guide-pin  holes. 

4.1  Manufacturing  of  MT  Ferrules 

4.1.1  Development  of  Molding  Resin  A  resin  suitable  for 
molding  MT  ferrules  must  have  good  moldability,  dimensional 
precision,  dimensional  stability  against  varying  environments,  and 
mechanical  strength.  However,  commodity  plastic  resins  that  are 
available  were  insufficient  in  terms  of  dimensional  precision. 

Therefore,  we  started  to  develop  a  special-blend  resin  for  molding 
MT  ferrules.  In  terms  of  low  thermal  expansion  co-efficiency,  low 
water  absorption,  and  high  mechanical  strength,  we  selected  PPS 
resin  as  a  base  resin  and  tried  to  improve  the  characteristics  of  the 
resin  by  selecting  suitable  kinds  of  filler  and  compounding  them 
into  the  resin.  As  a  result  of  dozens  of  trial  resins,  we  successfully 
obtained  a  plastic  resin  suitable  for  molding  MT  ferrules. 

4.1.2  Development  of  Mold  We  have  developed  a  precise 
mold  to  achieve  design  value  for  the  above  ferrule.  Figure  3 
shows  the  schematic  structure  of  mold  we  have  used. 
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Figure  3.  Structure  of  mold 

To  align  fiber  holes  precisely,  guide-pin-hole-forming  and  fiber- 
hole-forming  core  pins,  which  are  held  and  aligned  with  a  slider, 
are  inserted  into  a  cavity  with  precise  v-grooves,  and  are  precisely 
positioned  with  the  v-grooves. 

Although  this  structure  was  conventionally  used  for  the  transfer 
molding  of  epoxy  resin,  in  order  to  reduce  fiber  hole  offset  of  the 
ferrules  and  clearance  of  guide-pin  hole  and  fiber  hole,  the 
precision  of  the  v-grooves  were  improved  and  core  pins  were 
carefully  selected  with  a  diameter  tolerance  of  less  than  0.1pm. 

Furthermore,  we  have  improved  the  runner  and  the  gate  of  the 
mold  to  obtain  good  moldability  against  high  viscosity  molding 
resin  due  to  the  large  amount  of  filler  used. 

4.1.3  Molding  Condition  To  obtain  ferrules  with  dimensional 
precision  and  stability  during  repeated  molding,  it  is  essential  to 
keep  excellent  transcriptional  ability  and  reduce  residual  stress  in 
the  molding  articles. 

In  particular,  molding  conditions  have  more  significant  meanings 
for  molding  of  MT  ferrules,  because  the  molding  process  uses 
fiber-hole-forming  pins  with  very  small  diameters  and  high- 
viscosity  molding  resin.  Through  molding  experiments,  we 
determined  optimum  molding  conditions,  namely,  mold 
temperature,  resin  temperature,  injection  rate,  injection  pressure, 
and  cooling  condition.  We  discovered  that  a  condition  of 
relatively  lower  injection  rate  and  lower  injection  pressure 
exhibits  good  results. 


As  a  consequence  of  the  above  studies  on  molding  resin,  molds 
and  molding  conditions,  we  have  successfully  developed 
injection-molded  MT  ferrules  that  have  dimensional  precision, 
dimensional  stability,  enough  mechanical  strength  for  practical 
use  and  higher  productivity  than  that  of  transfer-molded  ones. 

Not  only  by  shortening  the  hardening  time  of  the  molding  process, 
but  also  by  reducing  the  mold  flash  by  cleaning  it  after  every 
process,  the  molding  cycle  was  reduced  to  one-third  of  that  for  the 
transfer-molded  ones.  This  enabled  us  to  raise  the  productivity  of 
manufacturing  ferrules. 

Furthermore,  the  injection-molded  ferrule  exhibits  good  polishing 
characteristics.  We  have  confirmed  that  the  ferrule  can  be 
polished  precisely  for  a  low  insertion  loss. 

4.2  Chamfer  around  Guide-pin  Holes 

In  conventional  MPO  connectors  including  MT  ferrules,  problems 
have  included  cracks  or  damage  around  the  guide-pin  holes  near 
the  end  face  by  opposing  guide  pin  when  repeatedly  mated,  which 
can  potentially  affect  stability  of  insertion  loss  levels,  as  show  in 
Figure  4. 


Figure  4.  Damage  around  guide-pin  hole  near  the 
end  face  of  a  conventional  MPO  connector 

Our  solution  to  these  problems  was  to  chamfer  around  the  guide- 
pin  holes  near  the  end  face.  This  enables  an  easier  and  smoother 
insertion  of  guide  pins  into  guide-pin  holes.  Moreover,  this 
contributes  to  the  stability  of  the  connection  loss  level  when 
repeatedly  mated. 

We  investigated  the  optimum  chamfer  taper  angle  to  obtain  better 
stability  of  insertion  loss  and  to  avoid  damage  around  the  guide- 
pin  holes.  The  connectors  with  same  chamfer  diameter  but 
different  chamfer  taper  angle  (60,  90,  and  120  degree)  were 
subjected  to  evaluation  tests.  As  a  result,  we  confirmed  that 
connectors  with  a  chamfer  taper  angle  of  120  degree  were  easier 
and  smoother  to  insert  guide  pins  into  guide-pin  holes  than  others 
and  not  damaged  at  all.  Thus,  they  exhibited  the  best  performance 
in  terms  of  stability  of  insertion  loss  levels  among  the  three. 
Figure  5  shows  the  picture  of  the  chamfer-type  MPO  connector. 
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Figure  5.  Chamfer-type  MPO  connector 


X 1X2X3X4X5X6X7X8  Y1Y2Y3Y4Y5Y6Y7Y8 
Number  and  direction  of  Fiber  hole 


5.  Characteristics  of  trial  products 

5.1  Ferrule  Characteristics 

5.1.1  Positional  Precision  of  Fiber  Hole  Figure  6  shows  the 
positional  precision  of  fiber  holes  of  injection-molded  PPS  8-fiber 
MT  ferrules.  Positional  precision  was  0.29  pm  on  average  and 
0.51pm  maximum  with  a  standard  deviation  of  0.10pm,  indicating 
highly  precise  dimensional  characteristics  and  satisfying  the 
design  value  of  less  than  0.7pm.  Furthermore,  positional  precision 
was  stable  during  repeated  molding,  which  means  this 
manufacturing  method  is  suitable  for  mass  production. 


Figure  6.  Positional  precision  of  injection-molded 
8-fiber  MT  Ferrules 

5.1.2  Fiber  hole  tilt  Figure  7  shows  the  fiber  hole  tilt  with 
respect  to  the  axis  of  guide-pin  holes.  All  of  the  fiber  hole  tilts 
were  within  0.2  degree  and  they  were  also  stable  during  repeated 
molding. 


Figure  7.  Fiber  hole  tilt  of  injection-  molded  8-fiber 
MT  ferrules 

5.1.3  Precision  of  the  Fiber-hole  and  Guide-pin-hole 
Diameter  We  measured  the  diameter  of  the  fiber  hole  and  guide- 
pin  hole  with  pin  gauges.  Both  of  them  were  extremely  stable 
because  of  the  selected  forming  pins.  Each  hole  had  a  clearance  of 
0.3pm  maximum  toward  select  fibers  and  select  guide-pins, 
respectively,  satisfying  design  values. 

5.2  Optical  Characteristics 

5.2.1  Random  Insertion  Loss  We  manufactured  8-fiber 
chamfer-type  MPO  connectors  using  the  PPS  ferrules  and  selected 
fibers,  and  measured  the  insertion  loss  for  random  combinations 
at  a  wavelength  of  1.31pm  with  selected  guide  pins.  We  have 
achieved  the  target  of  0.35dB  maximum  as  shown  in  Figure8.  The 
connection  loss  was  less  than  0.1  dB  on  average,  with  the  standard 
deviation  being  less  than  0.05dB,  indicating  good  characteristics. 


Insertion  loss  (dB) 


Figure  8.  Random  insertion  loss  of  8-fiber  MPO 
connectors 
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This  means  that  the  dimensional  tolerance  we  determined 
for  each  part  was  appropriate,  and  that  we  have  achieved  the 
target  for  the  standard  deviation  of  fiber-core  offset  as  designed. 

5.2.2  Return  Loss  Figure  9  shows  the  distribution  of  return  loss 
at  the  wavelength  of  1.31pm  for  random  connections,  exhibiting  a 
satisfying  characteristic  of  56dB  minimum. 


Figure  9.  Distribution  of  return  loss 


5.3  Reliability  Test 

We  examined  the  trial  products  of  8-fiber  chamfer-type  MPO 
connector  to  evaluate  their  practicality.  We  prepared  50  plugs  for 
the  test. 


5.3.1  Durability  Test  We  evaluated  the  repeatability  of 
insertion  loss  in  repeated  mating,  which  is  one  of  the  most 
important  characteristics  of  connectors.  During  the  up  to  500-time 
mating,  at  every  25-time  mating  stage  the  end  face  of  the 
connecters  was  cleaned  and  measurements  were  conducted.  As 
shown  in  Figure  10,  the  maximum  loss  increase  was  less  than 
0.2dB  during  the  test. 

Furthermore,  no  damage  around  the  guide-pin  holes  near  the  end 
face  was  observed  as  shown  in  Figure  1 1 . 


Before  test  ^^^^■Aftertest 


Figure  11.  Guide-pin  hole  of  Chamfer-type 
connector  before  and  after  durability  test 

This  means  chamfer  around  the  guide-pin  holes  is  highly  effective 
in  preventing  cracks  and  damage  around  guide-pin  holes  near  the 
end  face  by  inserting  guide-pins,  and  contributes  to  the  stability  of 
insertion  loss  levels. 
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Figure  10.  Insertion  loss  change  during  durability  test 
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5.3.2  Environmental  Test  It  is  also  necessary  for  connectors  to 
have  good  insertion  loss  stability  when  exposed  to  various 
environments,  such  as  high  temperature,  high  humidity  and 
varying  temperature.  To  evaluate  the  environmental  performance, 
we  conducted  environmental  tests  based  on  Telcordia  GR-1435- 
CORE  standard.  Figure  12  shows  the  detailed  test  conditions  and 
a  typical  measurement  data  of  the  tests,  indicating  excellent 
stability  of  maximum  loss  increase  of  less  than  0.2dB  during  the 
tests. 

5.3.3  High-Power  Laser  incident  Test  The  MPO  connectors 
we  have  developed  will  be  used  in  high  power  transmission 
system,  such  as  DWDM,  and  the  connector  is  possibly  affected  by 
high-power-signal  light.  Therefore,  we  evaluated  the  durability  of 
the  connectors  against  a  high-power  laser. 

It  is  known,  that  in  single-fiber  connectors,  if  a  high-power  laser 
is  used  on  the  mated  connectors  with  dust  on  the  end  face  of  the 
fiber  core  it  will  most  certainly  cause  burning  at  the  end  face  of 
the  fiber.  Thus,  the  end  faces  of  the  connectors  were  carefully 
cleaned  before  the  tests. 

In  this  test,  three  types  of  connector  pairs  were  prepared;  1)  the 
one  of  which  fiber  core  has  no  cracks;  2)  the  one  of  which  end 
face  of  the  fiber  had  some  cracks  near  the  core;  3)  the  one  which 
had  an  air  gap  between  the  end  face  of  the  opposing  two  fibers, 
namely  the  one  which  didn’t  achieve  PC  contact. 

Incidence  tests  of  a  2-watt  laser  at  a  wavelength  of  1.48jLtm  to 
mated  connectors  were  conducted  for  8  hours.  After  the  test,  we 
measured  the  connection  loss  of  the  three  types  of  connectors  and 
observed  the  end  face  each  one.  As  shown  in  Table  1,  the 
connection-loss  changes  were  less  than  0.02dB,  compared  with 
the  initial  loss  before  the  test,  is  the  same  as  the  level  of  mating 
error.  Furthermore,  no  damage  was  observed  on  the  end  faces  as 
shown  in  Figure  13,  and  there  was  no  heat  generation  or  smell 
detected.  We  confirmed  that  the  connectors  were  durable  enough 
to  be  used  in  a  high  power  transmission  system,  such  as  DWDM 
systems. 


Table  1.  Results  of  laser  incidence  test 


Maximum  Loss 

End  face  of  fiber 

change  (dB) 

after  test 

1) 

-0.02 

No  damage 

2) 

0.01 

No  damage  (shown  in  Figure  13) 

3) 

-0.01 

No  damage 

Core  Cracks 


Before  test  After  test 


Figure  13.  End  face  of  fiber  before  and  after  high- 
power  laser  incident  test  (type  2) 
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Figure  12.  Insertion  loss  change  during  durability  test  based  on  GR-1 435-Core 
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5.4  A  trial  of  Higher-density  Connection 
5.4.1  12-fiber  MPO  Connector  We  have  been  developing  12- 
fiber  MPO  connector.  It  has  the  same  size  and  same  fiber  pitches 
as  8-fiber  MPO  connector,  but  has  12  fibers,  and  has  7.5  times  the 
high  fiber  density  as  SC  connector.  Although  we  were  concerned 
about  deterioration  in  dimensional  precision  of  the  ferrule  due  to 
inferior  moldability,  by  increasing  the  fiber  hole-forming  pins  in 
the  cavity,  we  confirmed  that  the  12-fiber  ferrules  have  as  good 
dimensional  precision  as  the  8-fiber  ferrule.  Figure  14  shows  the 
insertion  loss  for  random  combinations  at  a  wavelength  of  1 .31pm, 
exhibiting  satisfying  results  of  less  than  0.1  dB  on  average  and 
0.35dB  maximum  with  the  standard  deviation  of  0.064dB. 


Insertion  loss  (dB) 

Figure  14.  Random  insertion  loss  of  12-fiber  MPO 
connectors 


5.4.2  Fine  Pitch  16-fiber  MPO  Connector  We  have  also 
been  studying  much  higher-density  connection.  As  long  as  fibers 
are  arranged  in  a  row,  it  is  hardly  possible  to  realize  an 
arrangement  of  more  than  12  fibers  in  0.25mm  pitch  on  the  end 
face  of  an  MT  ferrule  that  is  a  standardized  size.  We  manufactured 
the  MT  ferrule,  including  16-fiber  holes  in  0.18mm  pitch,  which 
is  the  same  size  as  the  conventional  one.  Figure  15  shows  the  end 
face  of  a  fine  pitch  16-fiber  MPO  connector  in  comparison  with 
0.25mm  pitch  one. 


Figure  15.  fiber  arrangement  in  0.18mm  pitch  and 
0.25mm  pitch 


This  fine  pitch  16-fiber  MPO  connector  has  10  times  the  high- 
fiber  density  as  a  SC  connector. 

We  manufactured  trial  products  of  the  16-fiber  MPO  connectors 
with  the  above  ferrules.  Figure  16  shows  the  distribution  of 
random  insertion  loss  of  the  fine  pitch  16-fiber  MPO  connectors, 
indicating  0. 131  dB  on  average  and  0.54dB  maximum. 

The  results  were  somewhat  inferior  to  those  of  8-fiber  MPO 
connectors  and  the  1 2-fiber  MPO  connectors.  We  have  attributed 
these  results  to  the  inferior  moldability  due  to  the  increase  of 
fiber-hole-forming  pins  in  the  cavity.  However,  we  believe  that 
we  can  improve  the  precision  of  the  ferrule  by  changing  the 
molding  condition  or  structure  of  the  mold. 


Insertion  loss  (dB) 

Figure  16.  Random  insertion  loss  of  fine  pitch  16- 
fiber  MPO  connectors 

6.  Conclusions 

To  meet  the  requirements  for  multi-fiber  and  high  density  optical 
connection  in  DWDM  systems,  we  have  developed  a  super  low  loss 
MPO  connector  using  injection-molded  PPS  ferrule. 

Furthermore,  we  also  proposed  to  chamfer  around  the  guide-pin 
holes  near  the  connection  end  face  to  improve  durability  against 
repeated  mating.  We  have  confirmed  that  this  is  highly  effective  in 
preventing  cracks  and  damage  around  the  guide-pin  holes  near  the 
end  face,  and  contribute  to  the  stability  of  connection  loss  levels 
through  evaluation  tests. 

The  trial  chamfer-type  single-mode  8MPO  connectors  have 
exhibited  satisfying  characteristics  including  maximum  insertion 
loss  of  less  than  0.35dB;  maximum  insertion  loss  change  of  less  than 
0.2dB  when  repeatedly  mated  up  to  500  times;  maximum  insertion 
loss  increase  of  less  than  0.2dB  during  reliability  tests  based  on 
GR1435.  Furthermore,  incidence  tests  of  a  2-watt  laser  to  a  mated 
connector  with  cracks  on  the  fiber  end  face,  resulted  in  no  damage 
on  the  end  face  of  the  connector. 

Finally,  we  introduced  the  12-fiber  MPO  connector  and  fine  pitch 
16-fiber  MPO  connector  as  a  trial  of  higher-density  connection. 
Fine  pitch  16-fiber  MPO  connector  has  10  times  the  high  fiber 
density  as  a  SC  connector,  indicating  insertion  loss  of  less  than 
0.6dB. 

We  believe  that  these  MPO  connectors  are  highly  suitable  for 
multi-fiber  and  high  density  connection  interfaces  of  high  power 
transmission  system,  such  as  DWDM  systems  and  effectively 
contribute  to  the  construction  of  the  systems. 
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Abstract 

In  recent  year,  demands  for  high  density  and  efficient  interconnect 
cabling  technique  in  high-speed  and  massive  transmission  system  such 
as  WDM  are  increasing  with  the  progress  of  information  technology.  In 
order  to  meet  these  demands,  we  have  developed  two-dimensional 
array  24-fiber  connector  and  24-fiber  fiat  ribbon  cable  witch  has  ribbon 
stack  structure  for  interconnection  between  network  equipments.  In  this 
paper,  we  will  report  measured  characteristics  of  24-fiber  flat  cable  with 
two-dimensional  array  connectors.  We  have  successfully  manufactured 
high  performance  cable  witch  provides  good  characteristics  in 
attenuation,  temperature  cycling  test  and  mechanical  test 


Keywords 

Optical  cable,  Optical  connector,  Two-dimensional  array,  Stacked 
Ribbon,  Jacket  shrinkage,  Bend  radius 


1.  Introduction 

In  order  to  meet  demands  for  high  density  and  efficient  interconnect 
cabling  technique  in  high-speed  and  massive  transmission  system  such 
as  WDM,  we  have  developed  24-fiber  fiat  ribbon  cable  for 
interconnection  between  network  equipments  using  two-dimensional 
array  24-fiber  connectors. 


2.  Forms  of  24-fiber  Patch  Cord 

2.1  Two-dimensional  array  connector 

Recently  two-dimensional  24-fiber  MT  connector  with  the  end  face 
shown  in  figure  1  has  developed  in  order  to  achieve  high  density 
interconnect  cabling  at  limited  cabling  space.  However,  there  are  no 
dedicated  cables  for  connecting  to  this  24-fiber  connector.  So  we  have 
been  using  two  12-fiber  ribbons  for  connecting  to  one  24-fiber 
connector. 

There  are  two  drawbacks  in  this  connecting  form. 

First  problem  is  congested  cabling  at  transmission  systems.  There  are 
many  ribbons  between  transmission  equipments  or  boards  because  each 


connector  has  two  ribbons.  Another  problem  is  low  mechanical  strength 
of  ribbon.  Bare  ribbon  is  fragile  for  crush. 


Figure  1.  End  face  of  24-fiber  MT  ferrule 


2.2  24-fiber  Patch  Cord  Form 

We  have  discussed  about  the  structure  of  24-fiber  cable  connected 
two-dimensional  24-fiber  connector  considering  cabling  forms  and 
efficiency  of  connector  assembly.  (See  figure  2) 


Connector 


24-fiber  to  single-fiber 


24-fiber  to  24-fiber 


24-fiber  to  12-fiber 


Figure  2.  Example  of  24-fiber  Patch  Cord  Form 

Round  single-fiber  cable  and  flat  ribbon  cable  is  known  as  the  optical 
patch  cord  with  connector.  In  case  of  “24-fiber  to  single-fiber"  form,  it 
is  advisable  to  use  single-fiber  cable,  because  12-fiber  ribbonizing  is 
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easier  than  making  12-fiber  ribbon  into  twelve  single-fibers  and  cover 
all  fibers  with  protection  tubes.  In  this  patch  cord  form,  we  can  use 
conventional  24-fiber  round  cable. 

On  the  other  hand,  in  case  of  “24-fiber  to  24-fiber*4  form  or  “24-fiber  to 
12-fiber*4  form,  it  is  better  to  use  ribbon  cable  with  two  12-fiber  ribbons. 
And  we  have  discussed  about  the  structure  of  ribbon  cable  with  two 
12-fiber  ribbons. 


Round  Stack  type 


Flat  Stack  type 


Figure  3.  Draft  of  24-fiber  Ribbon  Cable 

Figure  3  shows  three  drafts  of  24-fiber  ribbon  cable,  and  table  1  shows 
the  comparison  of  cable  structure  and  characteristics. 

Round  stack  type  is  conventional  style  with  stranded  ribbons.  Stranded 
ribbon  structure  provides  good  performance  in  cable  bend  because  of 
fiber  stress  equalizing.  However,  it  needs  large  inner  space  for  ribbon 
stranding.  As  a  result,  large  diameter  is  a  drawback  of  this  structure. 

In  regard  to  cable  manufacturing,  ribbon  stranding  causes  a  limit  of 
productivity. 

Flat  parallel  type  has  no  limitation  in  productivity  and  provides  good 
performance  in  cable  bend.  However,  its  width  is  larger  than  the 
diameter  of  round  stack  type. 

In  regard  to  connector  assembly,  it  is  necessary  to  make  ribbons  in 


parallel  position  into  file  position.  The  difficulty  of  this  structure  is 
ribbon  crossing  at  cable  end  without  ribbon  damage  or  attenuation 
increase. 

Flat  stack  type  is  superior  to  other  type  in  terms  of  diameter  minimizing. 
And  it  has  no  difficulty  in  connector  assembly.  However,  this  structure 
has  limitation  for  cable  bend  because  ribbons  are  not  stranded. 


Table  1 .  Comparison  of  Ribbon  Cable  Structure 


Round 

Stack 

Flat 

Parallel 

Flat 

Stack 

OD(mm) 

7.0 

10.5x2.2 

5.5  x  2.5 

Ribbons 

stranded 

straight 

straight 

Bending 

good 

good 

limited 

Connector  assembly 

good 

difficult 

good 

Productivity 

limited 

good 

good 

Consequently  we  have  decided  to  consider  concrete  design  of  fiat  stack 
cable  witch  is  superior  in  terms  of  diameter  minimizing  and  productivity. 
Then  development  of  24-fiber  flat  ribbon  cable  has  done  for  ensuring 
good  cable  performance. 

3.  Design  of  24-fiber  Flat  Ribbon  Cable 

3.1  Point  of  Development 

We  had  two  important  considerations  in  this  development. 

First  point  is  an  improvement  of  cable  bend  capacity  in  straight-stacked 
ribbon  construction.  Another  point  is  restraint  of  jacket  shrinkage  witch 
is  common  theme  for  interconnection  cables. 

Firstly,  we  describe  about  the  idea  of  cable  design  for  good  performance 
in  cable  bend. 

In  case  of  loose  jacket  structure  as  figure  3,  an  excess  length  occurs  on 
inside  ribbon  by  cable  bend,  and  inside  ribbon  winds.  Then  inside 
ribbon  interferes  with  jacket  inner  surface  and  attenuation  is  increased 
To  prevent  this  ribbon  winding,  large  space  between  ribbon  and  jacket  is 
necessary.  However,  at  least  6mm  clearance  is  needed  for  ensure  good 
attenuation  at  cable  bend  radius  of  25mm.  If  the  clearance  is  6mm, 
cable  thickness  will  be  near  the  diameter  of  round  stack  type. 

Then  we  have  designed  new  flat  ribbon  cable  witch  has  tight  jacket  for 
restraint  of  ribbon  winding  by  cable  bending. 

In  designing  of  tight  jacket  structure,  it  is  important  to  find  an  optimum 
combination  of  jacket  thickness  and  material  young’s  modulus.  So  we 
have  simulated  the  state  of  ribbons  with  cable  bend  using  CAE  analysis 
for  brush  up  our  cable  design. 
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Finally  we  have  established  the  cable  structure  witch  allows  small 
radius  bend  in  cable  handling  or  storage. 

Second  important  consideration  is  restraint  of  jacket  shrinkage  under 
temperature  cycling.  Jacket  shrinkage  causes  macro-bend  of  fiber,  and  it 
causes  attenuation  increase. 

There  are  two  types  of  material  shrinkage.  Material  shrinkage  under  low 
temperature  is  according  to  coefficient  of  linear  thermal  expansion.  This 
shrinkage  rate  is  approximately  0.1%  to  1.0%.  Residual  strain  after 
material  forming  process  causes  large  shrinkage  under  high  temperature. 
This  shrinkage  rate  is  approximately  1.0%  to  10.0%  and  it  cause  not 
only  attenuation  increase  but  also  fiber  damage  in  connector. 

Annealing  before  connector  assembly  is  effective  means  for  relaxation 
of  residual  strain  but  it  is  effective  for  only  near  part  of  cable  end.  And 
annealing  process  increases  the  cable  cost 

Because  of  these  problems  caused  by  jacket  shrinkage,  it  is  necessary  to 
restrain  the  shrinkage  radically.  Then  we  have  designed  new  jacket  in 
witch  two  tension-members  are  buried  for  the  function  of  holding 
against  compression. 


3.2  Design  of  two-dimensional  flat  ribbon  cable 

Figure  4  shows  the  structure  of  24-fiber  flat  ribbon  cable. 

12-fiber  ribbon  is  general  type  of  0.3mm  thickness.  This  12-fiber  ribbon 
is  also  used  for  conventional  flat  ribbon  cable. 

We  have  chosen  a  flame-retardant  PVC  witch  meet  the  Riser  spec  as  a 
jacket  material.  Jacket  is  coated  around  two  stacked  ribbons  tightly  and 
two  tension-members  are  buried  in  it  for  restraint  of  shrinkage.  We  used 
0.4mm  FRP  as  tension-member. 

In  conventional  flat  ribbon  cable,  aramid  yams  are  laid  around  a  ribbon 
for  get  the  tensile  strength  generally.  On  the  hand,  our  24-fiber  flat 
ribbon  cable  dose  not  need  any  aramid  yam  because  it  has 
tension-member  in  the  jacket 

Two  notches  above  stacked  ribbons  are  for  taking  ribbons  out  by 
ripping  jacket  Using  these  notches,  we  can  easily  strip  the  jacket 
without  ribbon  damage.  The  above-mentioned  CAE  analysis  confirmed 
that  these  notches  have  little  influence  for  restraint  of  ribbon  winding  by 
cable  bending. 


Notch 


Thus  we  have  designed  24-fiber  flat  cable,  and  diameter  of  cable  is 
5.1mm  width  and  2.0mm  thickness.  This  size  is  almost  same  as 
conventional  12-fiber  ribbon  cable  with  one  12-fiber  ribbon.  Fiber 
density  of  24-fiber  ribbon  cable  is  2.57fibers/mm2,  and  12-fiber  ribbon 
cable  is  1.13fibers/mm2.  Therefore  this  cable  achieves  high  density  and 
efficient  interconnect  cabling. 

3.3  Design  of  connector  assembly 

Secondly  we  have  discussed  about  connector  assembly  for  24-fiber 
ribbon  cable.  In  case  of  conventional  flat  ribbon  cable,  spring  back  of 
MT  connector  occurring  by  connector  joint  is  absorbed  into  the  cable 
end  because  of  loose  jacket  structure.  Our  24-fiber  ribbon  cable  has  no 
clearance  between  ribbon  and  jacket  because  of  tight  jacket  for  good 
performance  in  cable  bend.  Therefore  it  is  important  consideration  to 
develop  the  connector  assembly  form  with  tight  jacket  cable. 

Because  it  was  impossible  to  absotb  a  spring  back  of  connector  with 
tight  jacket,  we  introduced  protection  tube  to  connector  assembly.  Two 
ribbons  are  covered  with  the  protection  tube  after  jacket  removing  at 
cable  end.  This  protection  tube  is  loose  so  that  excess  length  of  ribbons 
caused  by  connector  spring  back  is  absorbed  into  the  tube. 

In  regard  to  protection  tube  structure,  we  have  chosen  flat  shape  because 
of  prevention  of  crush  by  tube  bend.  And  two  tension-members  are 
buried  in  tube  same  as  24-fiber  flat  ribbon  cable.  We  have  optimized  the 
structure  of  protection  tube  and  connector  assembly  with  this  tube. 

Figure  5  shows  the  structure  of  protection  tube  and  connector  assembly 
form. 


MPX/MPO  Protection  tube 

I  I  Cable 


MT  connector  is  spring  backing 
in  MPX/MPO 


Figure  4.  Design  of  24-fiber  Fiat  Ribbon  Cable 


Figure  5.  Design  of  Protection  Tube  and 
Connector  Assembly 
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4.  Result  of  Cable  Testing 

4.1  Cable  Testing 

According  to  the  above-mentioned  24-fiber  flat  ribbon  cable  design,  the 
trial  cable  was  manufactured  with  twenty-fore  general  single-mode 
fibers. 

We  have  evaluated  basic  attenuations,  temperature  cycling  performance, 
and  mechanical  characteristics  (bend,  crush,  twist,  tensile). 

Examples  of  testing  results  are  shown  in  table  2. 


Table  2. 24-fiber  Flat  Ribbon  Cable  Performance 


Test 

Conditions 

Result 

Attenuation 

@155Qnm 

Avg.  0.19dB/km 
Max  0.22dB/km 

Temperature 

Cycling 

-10°Cto60°C 
-40  °C  to  70°C 
@1550nm 

Delta<0.02dB 

Bend 

R=25  x  lOtum 
@1550nm 

DeltaO.OldB 

Crush 

2000N/ 100mm 
@1550nm 

Delta=0.00dB 

Twist 

2tum/300mm 

@1550nm 

Delta=O.00dB 

Tensile 

400N 

@I550nm 

Delta=O.00dB 

The  basic  attenuations  at  155Gnm  were  measured  on  the  condition  that 
the  cable  was  winded  on  the  bobbin  of  280mm  diameter.  We  have 
confirmed  good  result  as  average  attenuation  of  0.19dB/km  and 
maximum  attenuation  of  0.22dB/km. 

The  temperature  cycling  test  has  done  on  the  condition  that  cable  was 
winded  freely  in  280mm  diameter.  Delta  attenuations  at  1550nm  were 
measured  under  — 10°C  to  60°C  x  3  cycles  and  -40°C  to  70°C  x  3 
cycles,  and  maximum  delta  attenuation  was  less  than  0.02dB/km  at  any 
temperature. 

We  have  confirmed  good  effect  of  tension-member  buried  in  jacket. 

The  bend  test  has  done  on  the  condition  of  bend  R=25mm  x  10  turns. 
We  have  evaluated  mechanical  performance  and  delta  attenuations  at 
1550nm.  As  a  result,  there  were  no  damages  on  the  cable  jacket  or 
ribbons  and  maximum  delta  attenuation  was  less  than  0.0  ldB  at 
R=25mmx  10  turns. 

We  have  confirmed  excellent  effect  of  tight  jacket  structure. 

The  crush  test  has  done  on  the  condition  that  plate  width  was  100mm, 
plate  edge  was  R=6  and  maximum  weight  was  2000N.  Delta 
attenuations  at  1550nm  were  measured  step  by  100N.  As  a  result, 
attenuations  did  not  change  at  any  weight  and  there  were  no  damages 
on  the  cable  jacket  or  ribbons. 

The  twist  test  has  done  on  the  condition  that  cable  of  300mm  was 
twisted  at  1/2  turn,  1  turn  and  2  turns  x  10  times  with  1.5kg  tensile  force. 


Delta  attenuations  at  1550nm  were  measured.  As  a  result,  attenuations 
did  not  change  at  any  twisting  angle  and  there  were  no  damages  on  the 
cable  jacket  or  ribbons. 

The  tensile  test  has  done  on  the  condition  that  cable  of  2m  was  stretched 
at  tensile  force  of 400N.  Delta  attenuations  at  1550nm  were  measured 
step  by  100N.  As  a  result,  attenuations  did  not  change  at  any  tensile 
force  and  there  were  no  damages  on  the  cable  jacket  or  ribbons. 

4.2  Connector  Testing  with  Cable 

According  to  the  above-mentioned  connector  assembly,  the  trial 
24-fiber  connectors  were  assembled  with  24-fiber  flat  ribbon  cable. 

We  have  evaluated  connecting  attenuations,  temperature  cycling 
performance,  and  mechanical  characteristics  (tensile).  Examples  of 
testing  results  are  shown  in  table  3. 

Connecting  attenuations  were  measured  at  1310nm,  and  we  have 
confirmed  good  result  as  average  attenuation  of  0.22dB  and  maximum 
attenuation  of  0.78dB.  (See  figure  6) 

In  the  temperature  cycling  test,  delta  attenuations  at  1550nm  were 
measured  under  —  10°C  to  60°C  x  3  cycles  and  -40°C  to  75°C.  As  a 
result,  maximum  delta  attenuation  was  less  ten  0.1  OdB  at  any 
temperature. 

We  have  confirmed  good  effect  of  new  protection  tube. 

The  tensile  test  has  done  according  to  GR- 1435-CORE.  Delta 
attenuations  at  131Gnm  were  measured  at  tensile  force  of  44N.  As  a 
result,  residual  attenuation  was  equal  or  less  than  0.1  OdB  and  there  were 
no  damages  on  the  connectors. 


Table  3. 24-fiber  Connector  Performance  with  24-fiber 
Flat  Ribbon  Cable  _ 


Test 

Conditions 

Result 

Attenuation 

@1310nm 

Avg.  0.22dB 
Max  0.78dB 

Temperature 

Cycling 

-10°Cto60°C 
-40  °C  to  75°C 
@1550nm 

Delta<0.10dB 

Tensile 

44N  @1310nm 

Delta=<0.10dB 

Figure  6.  Histogram  of  Connecting  Attenuation 
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5.  Conclusions 

We  have  designed  24-fiber  flat  ribbon  cable  witch  is  suitable  for 
“24-fiber  to  24-fibei*‘  form  or  “24-fiber  to  12-fibei^  To  get  good 
performance  in  cable  bend  and  temperature  cycling,  we  have  developed 
tight  jacket,  tension-member  buried  in  jacket  and  new  type  of  protection 
tube  for  connector  assembly.  Consequently  we  have  confirmed  good 
performance  in  attenuations,  temperature  cycling  test,  and  mechanical 
test  to  24-fiber  flat  cable  and  two-dimensional  24-fiber  connector 
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Abstract 

In  Japan  there  is  already  considerable  deployment  of  high  bit  rate 
DWDM  systems  in  the  long  haul  network.  As  such,  with  the 
continuing  growth  of  Internet  traffic,  the  metro  network  has 
recently  become  a  significant  bottleneck  in  end-to-end  voice  and 
data  transmission.  In  order  to  resolve  the  kind  of  traffic  demand 
emerging,  service  providers  have  begun  installing  WDM  systems 
in  the  metro  network.  These  systems  need  low-cost  attenuators 
offering  fine-grained,  precise  attenuation  and  low  wavelength 
dependence  loss  to  balance  the  transmitted  power  from  channel  to 
channel.  These  requirements  make  it  difficult  to  use  attenuators 
based  on  currently  available  technologies.  In  this  paper,  we  report 
on  the  development  of  a  technique  for  generating  accurate  optical 
fiber  attenuators  up  to  5  dB  using  fusion  splice  technology  using 
existing  splicers.  In  laboratory  tests,  we  have  obtained  +/-  10  % 
attenuation  tolerance  with  extremely  low  wavelength  dependence 
loss  from  the  O-band  through  the  L-band. 

Keywords 

Optic  fiber  Attenuator;  fusion  splice;  single  splice;  G.652  fiber. 

1.  Introduction 

In  order  to  achieve  optimal  performance,  DWDM  systems  often 
require  relatively  uniform  signal  power  across  the  entire  operating 
wavelength  band.  This  has  traditionally  meant  large  quantities  of 
discrete  attenuators  must  be  installed  to  balance  the  transmitted 
signal  power  from  channel  to  channel.  In  the  case  of  long  haul 
DWDM  systems,  the  transmission  light  source  powers  is  often 
relatively  high  and  typical  attenuator  values  range  from  1  dB  to  30 
dB.  The  most  common  discrete  attenuator  is  based  on  a  small  stub 
of  fiber  doped  with  metal  ions  to  provide  absorption  [1][2][3][4], 
although  other  technologies  are  also  used  [5]  [6]. 

In  Japan  as  elsewhere,  as  the  long  haul  network  capacity  exploded 
through  the  rapid  installation  of  new  Non-Zero  Dispersion  Shifted 
Fiber  (NZ-DSF)  based  trunk  lines  and  DWDM  transmission 
equipment,  the  metro  network  has  become  one  of  the  throttles 
reducing  the  overall  end-to-end  voice  and  data  transmission 
capacity.  Furthermore,  in  Japan  the  growth  of  bandwidth  demand 
continues  to  accelerate.  Between  2000  and  2001,  Japan  had  a  400  % 
increase  in  broadband  Internet  subscribers. 

In  order  to  address  this  bandwidth  requirement,  service  providers 
have  begun  installing  WDM  systems  in  the  metro  network. 
However,  some  of  these  metro  WDM  systems,  with  their  shorter 


ranges  and  lower  targeted  deployment  costs,  utilize  lower 
transmitted  signal  output  power  than  do  the  long  haul  systems.  For 
these  systems,  conventional  attenuators  are  less  than  ideal  because 
of  their  high  cost,  relatively  coarse  attenuation  steps,  and  generally 
non-uniform  wavelength  dependence. 

Recently  the  suppliers  who  want  to  make  an  attenuator  to  provide 
the  customers  can  use  the  attenuators  using  core  alignment  single 
fusion  splicers.  The  technique  is  based  a  controlled  increase  in  the 
offset  while  the  splice  loss  is  monitored  during  splicing.  It  is  easy  to 
make  an  attenuator  using  this  technique  even  though  the  loss  is  only 
monitored  at  one  wavelength. 

In  this  paper,  we  describe  the  development  of  this  technique  for 
generating  fiber  attenuation  up  to  5  dB  using  current  standard  fusion 
splicers.  Optical  and  mechanical  testing  has  confirmed  the  long  term 
reliability  and  stability  of  these  attenuating  splices. 

2.  Fiber  characteristics 

Table  1  shows  the  optical  and  geometric  characteristics  of  the 
fibers  used  in  this  study.  Standard  single  mode  fibers  (G.652) 
typically  use  this  attenuation  jumper.  Especially,  Depressed  Clad 
Single  Mode  fiber  (DC-SM)  has  advantage  for  the  micro  and 
macro  bending  performance  related  on  the  Mode  Field  Diameter 
(MFD)  of  effective  transmission  wavelengths.  However,  mostly 
in  Japan,  the  customers  sometime  need  the  same  fiber  type 
jumpers  as  transmission  fibers  such  as  G.653  Dispersion  Shift 
Fiber  (DSF)  and  G.655  NZ-DSF.  Accordingly,  we  investigated  4 
different  fiber  types  in  this  study. 


Table  1.  Fiber  characteristics  using  this  study 


Parameter 

G.652 

G.653 

G.655 

Depressed 

Matched 

MFD  (pm) 

1550nm 

9.7  ±0.6 

10.4* 

8.0  ±0.8 

8.4  ±0.6 

1310nm 

8.5  ±0.5 

9.3  ±0.5 

6.5* 

7.0* 

Cladding  diameter 
(lira) 

125  ±1.0 

125  ±1.0 

125  ±1.0 

125  ±1.0 

Core/clad  concentricity 
error  (pm) 

<0.8 

<0.5 

<0.5 

<0.6 

Cladding 

Non-circularity  (%) 

<1.0 

<1.0 

<1.0 

<1.0 

*Typical  value 
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3-  Theoretical  model 

3.1  Existing  attenuation  splice 

There  are  a  number  of  methodes  that  have  been  previously 
developed  for  producing  attenuatoring  splices.  One  common 
technique  is  to  set  a  lateral  offset  before  applying  the  fusion  arc 
(see  Figure  1).  The  advantage  of  this  method  is  that  it  is  easy  to 
control  the  arc  duration  for  achievement  of  the  targeted  loss  by 
power  meter  feed  back.  However,  the  wavelength  dependent  loss 
of  this  splice  is  generally  high. 


Figure  1.  The  method  using  fiber  core  offset 


A  simple  relationship  between  the  MFD  offset  and  single-mode 
fiber  splice  loss  can  be  expressed  as:  [7] 


loss.  The  maximum  splice  loss  difference  from  reference  splice 
loss  (1550  nm)  in  C  through  L-band  was  approximately  8  %  (at 
1625  nm)  however  in  the  O  through  L-band  it  was  approximately 
32  %.  These  values  are  not  small  enough  to  make  these  splices 
useful  in  many  metro  area  WDM  systems. 

3.2  Developed  technique 

The  technique  we  developed  is  based  on  MFD  mismatch  achieved 
through  “passive”  MFD  deformation  at  the  splice  point  [8].  It  is 
generally  known  that  an  increase  in  the  pre-fusion  duration  will 
result  in  a  high  splice  loss.  However  it  is  very  difficult  to  control 
the  precise  conditions  before  contact  of  the  spliced  fiber  end  faces. 
Accordingly,  we  used  the  cleaning  arc  stage  to  control  the 
condition  of  the  fiber  ends.  At  this  stage,  the  fiber  MFD  will 
change  from  its  original  size  creating  the  MFD  mismatch  within  a 
very  short  length. 

Figure  3  shows  the  standard  optical  fiber  splicing  process  using 
non-core  alignment  splicers,  (it  was  one  of  the  mass  fusion 
splicer).  The  parts  of  hatching  in  this  figure  were  applying  the 
fusion  arc  on  the  splicing  fibers  and  solid  line  shows  the  positions 
of  the  fiber  end  faces 


( 

Lossx  {dB)  =  4.343 

V 


(1) 


where  x  is  lateral  offset  (pm)  and  w  is  spliced  fibers  mode  field 
radius.  This  formula  can  be  applied  the  splice  between  same  MFD 
fibers.  Table  2  shows  the  estimated  wavelength  dependence  splice 
loss  based  on  the  lateral  offset  using  formula  (1).  In  this  result,  we 
estimated  for  the  DC-SM  fiber  splice  loss  from  1310  to  1625  nm 
(from  O-band  to  L-band). 


Table2.  Estimation  splice  loss  of  DC-SM  fiber  using 
lateral  offset  method 

_  (Unit:  dB) 


Target 

1310 

nm 

1385 

nm 

1550 

nm 

1565 

nm 

1600 

nm 

1625 

nm 

0.5dB 

Qgg| 

EO 

0.49 

m2 

LOdB 

1.21 

ma 

umi 

|||9 

igi 

2.0dB 

2.42 

2.25 

2.05 

2.00 

1.83 

5.0dB 

M 

5.11 

5.00 

4.92 

4.70 

4.57 

This  result  indicates  that  the  wavelength  dependence  splice  loss  in 
C  and  L-band  are  relatively  small.  However,  in  the  O-band  (1310 
nm).  E-band  (1385  nm)  and  S-band  (1450  nm)  splice  loss  was 
usually  higher  than  at  the  reference  wavelength  splice  loss  (1550 
nm).  Also  tolerance  of  it  is  increased  according  to  target  splice 


Splicing  process  (Time) 


Figure  3.  Fusion  splice  process 


The  attenuation  splice  technique  we  developed  is  based  on 
controlling  the  characteristics  of  the  fiber  end  faces  by  using  a 
relatively  high  arc  current  and  a  long  arc  duration  during  the 
cleaning  arc  stage.  There  is  a  strong  correlation  between  the 
preconditioning  setting  of  the  cleaning  arc  stage  and  splice  loss. 
To  control  the  prearc  stage,  we  use  a  technique  that  is  similar  to 
the  one  used  to  obtain  high  splice  loss.  However  when  applying  a 
high  current  arc  before  joining  the  splicing  fibers  to  each  other  (as 
in  the  prearc  method)  it  is  difficult  to  control  the  precise  overlap 
distance  to  get  the  target  splice  loss.  If  a  high  power  arc  is  used 
before  joining  the  fibers  to  each  other  for  splicing,  the  fiber  ends 
melt  back  from  the  initial  gap  set  position.  The  result  is  that  the 
gap  position  between  the  splicing  fibers  can  easily  change.  This 
makes  it  difficult,  if  not  impossible,  to  control  the  precise  overlap 
distance  using  standard  splicers.  However,  by  using  the  cleaning 
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arc  discharge  during  preconditioning,  we  can  maintain  accurate 
position  control  of  the  gap  between  the  treated  fibers  before 
joining  them  together.  Figure  4  shows  the  major  difference 
between  the  fiber  end  face  position  obtained  using  the  cleaning 
arc  technique  and  that  obtained  using  the  prearc  technique 


,  !  !  i 


Using  cleaning  arc  Using  prearc 


Figure  4.  The  difference  of  the  fiber  end  face 
position 


0  1  2  3  4  5 

Cleaning  arc  duration  (sec) 


Figure  5-1 .  Depressed  clad  fiber  (G.652) 


0  1  2  3  4  5 

Cleaning  arc  duration  (sec) 


Figure  5-2.  Matched  clad  fiber  (G.652) 


4.  Evaluation  result 

4.1  Relationship  between  cleaning  arc  duration 

and  splice  loss 

In  order  to  increase  the  splice  loss  without  splicing  fibers  core  offset, 
we  considered  the  deformation  the  fiber  core  before  splicing  using 
cleaning  arc  function,  which  is  a  feature  found  on  all  fusion  arc 
splicers.  Figure  5  show  the  relationship  between  cleaning  arc 
duration  and  splice  loss  at  1310,  1550  and  1625  nm.  As  shown  in 
the  figures,  it  is  easy  to  achieve  the  target  splice  loss  by  controlling 
the  fusion  arc  duration  of  the  cleaning  arc  stage  and  the  wavelength 
dependence  splice  loss  from  1310  to  1625nm  is  acceptable.  This 
relation  is  close  to  the  linear  fitting  for  DC-SM  and  Matched  clad 
Single  Mode  (MC-SM)  fibers.  For  the  G.653  and  G.655  fibers,  it  is 
similar  to  the  log  fitting.  It  seems  to  be  the  important  parameter  of 
the  original  fiber  MFD  for  deciding  the  cleaning  arc  setting. 


0  1  2  3  4  5 

Cleaning  arc  duration  (sec) 


Figure  5-3.  G.655  fiber 
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Figure  5-4.  G.653  fiber 


Table  3-2.  Target  splice  loss  at  1.0  dB 


(Unit:  dB) 


Items 

1310  nm 

1530  nm 

1550  nm 

1565  nm 

1625  nm 

Average 

1.073 

1.022 

1.020 

1.014 

0.998 

Median 

1.059 

1.030 

1.028 

1.025 

0.994 

Std  dev 

0.068 

0.060 

0.058 

0.055 

0.061 

Max. 

1.20 

1.11 

1.10 

1.09 

uo 

Min. 

0.92 

0.90 

0.90 

0.91 

0.90 

Count 

21 

21 

21 

21 

21 

Focused  on  the  wavelength  dependency,  the  large  MFD  fiber  such 
as  MC-SM  fiber  has  slightly  wide  splice  losses  in  1310  through  the 
1625  nm.  However,  it  can  be  reducing  the  splice  loss  gap  between 
the  1310  and  1625  nm  by  other  splicing  parameters  such  as  fusion 
arc  duration,  fusion  arc  current,  overlap  distance  etc,. 

4.2  Actual  result  including  wavelength 
dependence  splice  loss 

Again  of  that  the  DC-SM  fiber  has  a  lot  of  advantages  the  attenuator 
jumpers  such  as  the  cost  performance  and  macro  bending 
performance,  etc,.  Under  this  consideration,  we  focused  on  the  DC- 
SM  fiber  attenuators  and  described  the  evaluation  results  of  it  in  this 
section. 

Table  3  shows  the  trial  attenuators  results  of  each  target  splice  losses, 
which  are  0.5,  1.0,  2.0  and  5.0  dB  at  1550  nm,  with  several 
measurement  wavelengths.  These  attenuators  were  made  by 
optimized  program  for  reducing  the  wavelength  dependency  and 
obtained  the  repeatability.  These  results  indicated  that  all  target 
splice  losses  have  good  repeatability  and  extremely  low  wavelength 
dependence  splice  loss  for  1 3 1 0  through  1 625  nm. 

Table  3-1.  Target  splice  loss  at  0.5  dB 


(Unit:  dB) 


Items 

1310  nm 

1530  nm 

1550  nm 

1565  nm 

1625  nm 

Average 

0.556 

0.477 

0.479 

0.470 

0.457 

Median 

0.555 

0.473 

0.474 

0.473 

0.452 

Std  dev 

0.041 

0.030 

0.028 

0.031 

0.033 

Max. 

0.64 

0.53 

0.53 

0.51 

0.51 

Min. 

0.49 

0.43 

0.45 

0.41 

0.41 

Count 

21 

21 

21 

21 

21 

Table  3-3.  Target  splice  loss  at  2.0  dB 


(Unit:  dB) 


Items 

1310  nm 

1530  nm 

1550  nm 

1565  nm 

1625  nm 

Average 

2.161 

2.019 

2.006 

1.969 

1.944 

Median 

2.107 

1.989 

1.975 

1.979 

1.945 

Std  dev 

0.165 

0.139 

0.138 

0.142 

0.133 

Max. 

2.41 

2.21 

2.19 

2.17 

2.16 

Min. 

1.93 

1.81 

1.80 

1.73 

1.74 

Count 

15 

15 

15 

15 

15 

Table  3-4.  Target  splice  loss  at  5.0  dB 

_  (Unit:  dB) 


Items 

1310  nm 

1530  nm 

1550  nm 

1565  nm 

1625  nm 

Average 

5.151 

4.944 

4.919 

4.909 

4.837 

Median 

5.086 

4.937 

4.922 

4.930 

4.882 

Std  dev 

0.209 

0.178 

0.193 

0.187 

0.183 

Max. 

5.47 

5.26 

5.27 

5.26 

5.12 

Min. 

4.84 

4.73 

4.70 

4.69 

1  4.58 

Count 

14 

14 

14 

14 

14 

Figure  6  shows  the  comparison  of  attenuator  splice  loss 
performance  between  theoretical  splice  losses  using  core  offset 
technique  and  measured  splice  losses  using  our  developed 
technique.  The  new  technique  has  better  wavelength  dependency 
on  all  target  splice  losses  especially  5  dB  target  splice  loss. 

This  technique  could  be  applying  other  fiber  type  attenuators  and 
it  seems  to  be  getting  high  quality  attenuator. 
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Figure  6.  The  wavelength  dependence  splice  losses 
comparison  between  fiber  core  offset  technique 
and  our  developed  technique 
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Figure  7-1 .  The  result  of  high  temperature  thermal 
shock  test  at  1550  nm 


5.  Reliability  test 

This  section  described  reliability  tests  results  on  1.0  and  2.0  dB 
attenuators  used  developed  technique.  The  evaluated  attenuator  type 
was  the  PVC  buffered  standard  code  jumper  with  SC  connectors  on 
both  fiber  ends.  The  splice  point  was  protected  by  the  heat 
shrinkable  protection  splint. 

5.1  Thermal  shock  test 

Figure  7  show  the  result  of  the  thermal  shock  tests  measured  by 
1550  nm  followed  by  Bellcore  GR-63  standard  for  Network 
Equipment-Building  System  Requirements:  Physical  Protection. 
Table  4  show  the  condition  of  thermal  shock  test  on  both  high  and 
low  temperature.  The  results  of  three  attenuators  of  each  loss 
indicated  that  there  are  no  loss  change  and  no  residual  loss  on  both 
test  conditions.  Also  the  tested  samples  have  no  physical  damage. 


Table  4-1.  High-temperature  exposure  and  thermal 
shock  test  condition 


Temperature  (degree  C) 

Event 

Duration  Rate  of  change 

23  to  70 

Temperature  transition 

30  degree  C/hr 

70 

Temperature  soak 

72  hr  (minimum) 

70  to  23 

Temperature  transition 

Less  than  5  minutes 

Table  4-2.  Low-temperature  exposure  and  thermal 
shock  test  condition 


Temperature  (degree  C) 

Event 

Duration  Rate  of  change 

23  to  -40 

Temperature  transition 

30  degree  C/hr 

-40 

Temperature  soak 

72  hr  (minimum) 

-40  to  23 

Temperature  transition 

Less  than  5  minutes 
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Figure  7-2.  The  result  of  low  temperature  thermal 
shock  test  at  1550  nm 


5.2  Tensile  strength  test 

This  section  referred  to  the  investigation  result  of  tensile  strength 
performance  of  attenuation  jumper  codes.  This  test  was  followed 
number  C6821  JIS  standard;  Test  methods  for  mechanical 
characteristics  of  optical  fibers;  and  details  given  in  Table  5. 

Table  6  shows  the  results  of  this  test  on  un-aged  samples  and  after 
thermal  shock  test  samples.  As  shown  in  this  result,  the  typical 
failure  strength  was  approximately  40  N  on  both  un-aged  and 
aged  samples.  These  values  were  about  half  strength  as  non- 
spliced  normal  optical  fiber  jumpers,  because  this  has  one  splice 
point  in  the  middle  of  it.  The  protection  of  splice  point  had  very 
simple  geometry  (using  standard  heat  shrinkable  sprint  on  splice 
point).  The  tested  samples  typically  broke  at  the  edge  of  sprint 
protection  tool.  This  performance  could  be  satisfying  the  general 
using  in  the  field  condition  such  as  in  the  optical  cabinet.  If  the 
customer  needs  same  strength  characteristics  as  normal  optical 
jumper  code,  it  should  be  consider  the  protection  method  for 
increasing  the  failure  strength. 
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Table  5.  Tensile  strength  test  condition 


Items 

Condition 

Tensile  speed 

lOOmm/min 

Sample  length 

500mm 

Code  type 

PVC  buffered  fiber 

Table  6.  The  result  of  tensile  strength  test 
(Average) 


(Unit:  N) 


Items 

Before  test 

After  test 

Low 

High 

1.0  dB 

41.1 

37.5 

39.8 

2.0  dB 

41.9 

36.2 

39.4 

[5]  J.  Kilmer  and  A.  P.  Sirti,  “The  Quest  to  Make  Low 
Reflection  Wideband  Attenuators  ”  NFOEC ,  433-440  (1994) 

[6]  S.  Chia,  “Cost-effective  Single-Mode  Wavelength  Independent 
All-fiber  Attenuator,”  NFOEC,  813-822  (1995) 

[7]  S.  C.  Mettler,  “Monte-Carlo  Analysis  of  the  Effect  of  Mode 
Field  Diameter  Mismatch  on  Single-mode  Fiber  Splices”, 
NFOEC  (1992) 

[8]  Attenuation  splice  technique  using  Passive  MFD 
deformation  technology.  Patent  pending,  M.  Miura  and  M. 
Nakano 


6.  Conclusions 

We  have  developed  a  new  technique  for  manufacturing  high  quality, 
precision  attenuators  ranging  from  0  dB  to  5  dB  using  standard  arc 
fusion  splicers.  The  key  advantages  of  this  technique  are  1)  the 
splice  loss  is  very  accurate  (typical  0.03  dB  at  1 .0  dB  attenuator),  2) 
the  splice  loss  shows  very  low  wavelength  dependency  (less  than 
+/-  10  %  over  1.0  dB  attenuator)  and  3)  no  additional  equipments 
(just  using  standard  arc  fusion  splicer).  And  the  splices  have 
demonstrated  a  good  level  of  temperature  and  mechanical  stability. 

We  believe  that  this  technique  will  be  useful  for  producing  high 
quality  attenuators  using  any  kind  of  fiber  types. 
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Abstract: 

Recent  experiments  in  our  laboratories  have  led  to  holographic, 
photolithographic  and  laser  writing  techniques  capable  of 
patterning  Bragg  gratings  in  porous  Vycor  glass. 
Photodeposition  of  Bragg  grating  on  optical  fibers  composed  of 
fused  silica  core  surrounded  a  nanoporous  sol-gel  derived  silica 
has  been  examined.  Gratings  with  line  spacing  of  10  pm  have 
been  achieved  in  the  cladding  of  180  pm  diameter  fibers,  and 
the  gratings  have  been  used  to  inject  light  into  and  remove  light 
from  the  core  of  the  fiber.  Equivalent  photodeposition 
experiments  have  been  carried  out  on  square  fibers  prepared  by 
coating  inline  a  squared  core  with  an  equivalent  sol-gel  based 
silica.  However,  attempts  to  photodeposit  a  grating  failed. 
Since  adsorptivity  depends  on  morphology,  the  morphologies  of 
the  claddings  on  the  round  and  square  fibers  have  been 
examined  by  optical  and  atomic  force  microscopy.  Surface 
morphologies  have  been  quantified  in  terms  of  surface 
roughness  and  correlated  with  the  adsorptivity  with  respect  to  Fe 
(CO)5,  the  photoactive  precursor.  Surface  roughness  and 
adsorptivity  are  compared  to  that  of  commercially  available 
Coming’s  code  7930  porous  Vycor  glass. 

Introduction: 

Photodeposition  of  metals  and/or  metal  oxides  in 
porous  glasses  and  sol-gel  derived  xerogels  increases  the 
refractive  index  of  the  matrix.  Consolidation  occurs  without 
loss  of  pattern  resolution  thereby  creating  gradient  index 
structures  useful  as  optical  telecommunication  and  processing 
devices.  One  approach  of  current  interest  is  the  deposition  of 
Bragg  gratings  consisting  micron-spaced  regions  differing  in 
refractive  index  and/or  absorptivity.  Such  structures  deposited 
in  the  cladding  of  an  optical  fiber,  for  example,  could  be  used  to 
switch  light  from  one  fiber  to  another.  Previous  experiments  in 
our  laboratories  have  examined  the  photodeposition  of  Bragg 
gratings  in  Coming’s  code  7930  porous  Vycor  glass.[l]  Line 
spacings  of  ca.  5  pm  are  accessible  by  holographic, 
photolithographic  and  laser  writing  technique.  Comparisons  of 
optical  performance  reveal  significant  improvements  with 
holographic  deposition.  Nevertheless,  resolution  of  the 
deposited  structure  is  independent  of  the  deposition  technique 
suggesting  that  resolution  is  limited  by  the  scattering  of  the 
excitation  light  by  the  porous  glass  matrix  [2].  These 
experiments  were  undertaken  to  examine  the  photodeposition  of 
Bragg  gratings  in  the  cladding  of  optical  fibers  composed  of 
fused  silica  core  surrounded  a  nanoporous  sol-gel  derived  silica. 
Data  presented  here  show  that  well-resolved  Bragg  grating  can 
be  deposited  in  the  cladding  of  1 80  pm  diameter  fibers,  and  that 
these  gratings  can  be  used  to  insert  and  remove  light  from  the 
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core  of  the  fiber.  Surprisingly,  AFM  analyses  of  the  deposited 
structures  reveal  the  photolyzed  regions,  even  though  heated  to 
1200°C  surfaces,  fail  to  consolidate  in  a  manner  analogous  to  the 
unexposed  regions.  The  result  is  a  series  of  steps  similar  to  that 
found  in  gratings  prepared  mechanically. 

To  provide  a  means  of  optical  coupling  between  fibers, 
photodeposition  has  also  been  examined  on  160-pm  square 
fibers.  Although  prepared  in  the  same  way  as  the  round  fibers, 
photodeposition  of  iron  oxide  via  488-nm  photolysis  of 
Fe(CO)5  physisorbed  onto  the  square  fiber  failed  to  produce  a 
grating,  or  a  comparable  change  in  refractive  index.  Since  the 
amount  of  metal  and/or  metal  oxide  deposited  as  well  as  the 
resolution  of  the  pattern  depend  on  the  morphology  of  the 
porous  glass,  the  morphology  and  porosity  of  the  different  glass 
fibers  have  been  characterized  by  optical  and  atomic  force 
microscopy.  Surface  roughness  indicates  that  the  porous  silica 
claddings  on  the  square  fibers  are  less  porous  than  those  on  the 
round  fibers  thereby  reducing  the  amount  of  Fe(CO)5  adsorbed 
and  in  turn  the  gradient  index  created  photochemically. 

Experimental: 

Materials:  Fe(CO)5  (Aldrich)  was  used  as  received 
since  UV-visible  and  IR  spectra  agreed  with  published  spectra. 
One  inch  samples  of  the  round  or  square  fibers  were 
impregnated  with  Fe(CO)5  by  previously  described  vapor 
deposition  procedures.[3]  All  samples  were  exposed  to 
Fe(CO)5  vapor  for  times  ranging  from  1-2  minutes  to  as  long  as 
30  minutes. 

The  impregnated  fiber  samples  were  taped  onto  glass  slides, 
which  were  then  mounted  on  an  optical  stage  driven  by  a 
computer  controlled  Aerotech  DR  500  stepping  motor.  All 
samples  were  irradiated  with  488-nm  light  in  air  with  a  Coherent 
Ar+  laser  focused  through  a  Zeiss  quartz  microscope  10X 
objective  at  a  power  of  10W.  The  distance  from  the  objective 
to  the  sample  was  adjusted  so  that  the  focal  point  of  the 
objective  was  on  the  outer  edge  of  the  mounted  fiber.  The 
stepping  motor  moved  the  fiber  across  the  excitation  beam,  and 
then  stepped  a  specified  distance  and  moved  the  fiber  across  the 
beam  again.  The  individual  exposure  times,  i.e.,  the  time 
required  to  move  the  fiber  across  the  focused  beam,  are 
calculated  to  be  0.5  sec. 

Samples  were  examined  optically  with  a  Zeiss 
microscope  at  a  magnification  of  400X.  Fiber  surfaces  were 
imaged  with  a  Digital  Instruments  Nanoscope  Ilia  AFM.  Fibers 
were  mounted  on  metal  disks  with  double-sided  tape  and  imaged 
using  the  constant  tapping  mode.  Surface  roughness  was 
calculated  with  the  supplied  software.  AFM  images  of  Bragg 
gratings  deposited  on  round  and  square  optical  fibers  were 
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obtained  by  scanning  the  sample  with  a  silicon  probe  with  a 
spring  constant  of  20  N/m  in  tapping  mode. 

Results  and  Discussion: 

Fe(CO)5  impregnation  of  180-pm  diameter  fibers  is  evident  as  a 
change  in  color  from  colorless  to  light  yellow.  After  a  one 
minute  exposure,  however,  the  amount  of  complex  adsorbed 
does  increase  linearly  with  time.  At  least  visually  through  an 
optical  microscope,  fibers  exposed  for  as  long  as  five  minutes 
appeared  the  same  in  color  as  those  exposed  to  the  vapor  for  one 
minute.  As  a  result,  samples  exposed  to  the  vapor  as  long  as 
five  minutes  required  the  same  time  of  exposure  to  the 
photolyzing  beam  as  those  that  were  exposed  to  the  vapor  for 
one  minute.  With  samples  containing  the  same  amount  of 
Fe(CO)5,  deposition  was  examined  as  a  function  of  exposure 
time  by  varying  the  rate  at  which  the  fiber  was  moved  across  the 
focused  laser  beam.  Varying  the  rates  from  100  to  1000 
pm/sec  showed  that  a  rate  of  400  pm/sec  produced  a  series  of 
exposed  and  unexposed  regions  that  exhibited  the  highest 
relative  overtone  intensity  when  a  He-Ne  laser  was  passed 
through  the  grating.  Consequently  all  samples  described  here 
were  prepared  by  moving  the  fiber  across  the  beam  at  a  rate  of 
400  pm/sec.  Figure  1  illustrate  a  grating  photodepo sited  on  a 
180  pm  diameter  fiber.  Since  the  core  is  consolidated,  and 
there  is  no  obvious  difference  in  the  light  transmitted  through 
the  fiber,  the  photodeposited  gratings  are  assumed  to  be  only  in 
the  cladding  and  do  not  extend  into  the  core  of  the  fiber.  The 
exposed  regions  appear  as  lines  across  the  fiber,  and  an  AFM 
image  of  the  surface  (Figure  2)  confirms  that  the  exposed 
regions  do  not  consolidate  to  the  same  extent  as  the  unexposed 
regions  when  the  fiber  is  heated  to  1200°C,  which  is  sufficient  to 
consolidate  PVG,  or  base-catalyzed  TMOS  xerogels.  This 
differs  from  the  behavior  found  in  PVG  and  in  dried  xerogels 
where  heating  to  1200°C  consolidates  the  matrix  and  leads  to  a 
consolidated  glass  with  a  smooth  surface.  In  fact,  SIMS 
analysis  of  the  gratings  deposited  in  PVG  show  that 
consolidation  leads  to  0.5  nm  thick  layer  of  glass  covering  the 
photodeposited  grating  and  the  resulting  structure  having  a 
smooth  surface. 

Although  the  grating  is  in  the  cladding  of  the  fiber,  impinging  a 
He-Ne  laser  onto  the  grating  results  in  injection  into  the  fiber 
core.  Visually,  the  amount  of  light  injected  into  the  core  was 
independent  of  varying  the  angle  of  incidence  of  the  He-Ne 
beam  from  ca .  30°  to  about  90°. 

Equivalent  experiments  were  carried  out  on  160  pm  x  160  pm 
square  fibers  prepared  in  a  manner  equivalent  to  the  round  180- 
pm  diameter  fibers  except  that  in  this  case  the  porous  silica  was 
coated  onto  a  square  fused  silica  core.  Although  the  porous 
silica  claddings  were  prepared  in  the  same  manner,  it  was 
immediately  obvious  that  the  adsorptivity  of  the  square  fibers  is 
significantly  less  than  that  of  the  round  fibers.  When  exposed 
to  Fe(CO)5  vapor,  the  round  fibers  developed  a  light  yellow 
color  within  1-2  minutes,  whereas  the  square  fibers  failed  to 
develop  a  color  even  after  as  much  as  30  minutes  of  exposure. 
Extracting  the  square  fibers  with  acetone  or  nitric  acid,  or 
cleaning  in  an  ultrasonic  cleaner  with  distilled  water  failed  to 
improve  the  adsorptivity  of  the  square  fibers.  AFM  analyses  of 
the  square  fibers  reveal  a  surface  different  from  that  of  the  round 
fibers.  Unlike  the  round  fibers,  as  well  as  the  surfaces  of  PVG 
and  other  base  catalyzed  xerogels  [4],  all  of  which  possess  a 


surface  made  up  of  round  silica  nodules,  the  surfaces  of  the 
square  fibers  appear  to  be  composed  of  elongated  nodules  with 
the  elongation  in  the  direction  of  the  fiber  axis.  As  a  result,  the 
surfaces  of  the  square  fibers  are  smoother  as  evidenced  by  a 
roughness  parameters  that  is  smaller  than  those  obtained  for  the 
round  fibers  and  PVG  (Table  I).  Further  experiments  are  needed 
to  provide  a  rationale  for  why  Si02  polymerization  on  the  square 
cores  fibers  appears  to  occur  in  the  direction  of  the  fiber  axis. 
One  possibility  is  that  the  polymerization  of  the  porous  silica 
coating  is  being  templated  by  the  underlying  core,  but  the 
mechanism  of  how  this  occurs  on  a  fully  consolidated  Si02  core 
is  not  clear.  Consistent  with  their  low  adsorptivity,  however, 
attempts  to  photochemically  create  a  Bragg  grating  on  the 
square  fibers  failed.  Even  with  square  fibers  exposed  to 
Fe(CO)5  for  as  long  as  30  minutes,  extensive  photolysis  failed  to 
create  any  change  in  refractive  index  that  could  be  detected  by 
either  optical  or  atomic  force  microscopy,  or  by  deflection  of  a 
He-Ne  probe  beam. 

Conclusion: 

Bragg  gratings  deposited  in  the  cladding  of  round 
optical  fibers  composed  of  a  silica  core  and  a  nanoporous  silica 
cladding  are  capable  of  injecting  light  into,  and  removing  light 
from  the  core  of  the  fibers.  The  ability  to  deposit  a  diffraction 
grating  on  the  cladding  of  a  fiber  depends  on  the  roughness  of 
the  surface,  which  reflects  the  porosity  of  the  nanoporous  silica 
cladding.  Porosity  of  the  nanoporous  silica  cladding  depends 
on  the  shape  of  the  fiber  core,  with  deposition  onto  square  fibers 
resulting  in  a  porous  silica  with  reduced  adsorptivity. 
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Sample 

Mean  roughness 

Fiber  A 1 

80  nm 

Fiber  A2 

1 

105  nm 

Fiber  B1 

70  nm 

Fiber  B2 

43  nm 

Sol-gel  glass 

285  nm 

Porous  Vycor  Glass 

400  nm 

Fibers  A1  &  A2  are  round  fibers  while  B 1  &  B2  has  rectangular  shape. 
Table  I.  Comparison  of  roughness  of  round  and  rectangular  fibers. 


Figure  1 :  Optical  micrograph  of  a  grating  created  on  the  side  of  a  1 80  pm  diameter  optical  fiber  with  an  ca.  70-80  pm  porous  cladding. 
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Figure  2:  Atomic  Force  Micrograph  of  a  grating  written  on  a  180  pm  diameter  fiber. 
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Abstract 

We  propose  a  parallel  architecture  that  will  allow  us  to  install 
cost-effective  ring  networks  in  metropolitan  area  networks  (MAN), 
where  the  capacity  demand  for  each  building  in  the  network  varies 
greatly.  This  architecture  involves  connecting  two  types  of 
transmission  equipment  to  two  fibers  with  a  Wavelength  Division 
Multiplexing  (WDM)  coupler.  This  approach  is  advantageous  in 
terms  of  the  effective  use  of  both  optical  fiber  and  wavelength. 
Using  this  approach  as  a  basis,  we  designed  and  manufactured  a 
WDM  coupler  prototype  and  a  distribution  cabinet  in  which  to 
install  it,  and  obtained  good  levels  of  performance.  This 
architecture  was  adopted  in  Tsukuba  WAN,  which  is  an  ultra- 
high-speed  network  (Max.  570  Gbit/s)  for  connecting 
supercomputers. 

Keywords 

WDM  coupler;  Network  architecture;  Ring  network;  Optical  fiber 

1.  Introduction 

The  explosive  demand  for  broadband  services  has  mainly  been 
generated  by  the  phenomenal  growth  of  the  Internet.  We  have 
developed  technologies  for  reducing  costs  in  optical  access 
networks  and  systems  [1],  and  installed  a  large  amount  of  optical 
fiber  cable  to  supply  services  immediately.  However,  there  will  be 
an  optical  fiber  shortage  because  of  the  large  number  of  optical 
fibers  used  for  broadband  services,  and  this  has  already  occurred 
in  some  areas.  It  is  therefore  important  to  use  optical  fibers 
efficiently. 

We  have  developed  loop  distribution  and  discrete  distribution  to 
enable  us  to  use  optical  fiber  efficiently  in  the  access  network 
architecture,  namely  an  optical  fiber  network  with  a  star 
configuration  [2], 

In  contrast,  networks  that  connect  with  a  user’s  LAN,  (MAN), 
employ  an  optical  fiber  network  with  a  ring  configuration  to 
provide  lower  cost  and  greater  reliability.  It  is  important  to  use  the 
optical  fiber  efficiently,  and  respond  to  demand  flexibly  in  MAN. 
Recently,  WDM  has  been  deployed  in  MAN  to  reduce  the  optical 
fiber  running  costs.  It  is  becoming  obvious  that  we  must  reduce 
the  running  costs  by  reducing  the  number  of  optical  fibers. 

When  demand  is  scattered  and  the  individual  capacity  demands  of 
the  central  office  and  user  building  vary  greatly  in  MAN,  a  large 


capacity  network  and  a  small  capacity  network  are  installed, 
especially  when  the  network  consists  of  a  user  building.  User 
buildings  need  networks  with  a  wider  capacity  range  than  the 
carrier’s  central  offices,  which  were  installed  to  meet  the  planned 
demand  and  network  scale.  When  the  network  faces  various 
capacity  demands,  network  interfaces  are  installed  to  meet  these 
demands.  However,  when  expensive  components  are  needed,  such 
as  DWDM,  large  and  small  capacity  networks  are  installed 
individually. 

In  this  paper,  we  first  describe  a  network  architecture  for  the 
effective  use  of  optical  fiber  and  communication  signal 
wavelength  in  a  MAN  that  consists  of  user  buildings  with  a 
variety  of  demands.  Based  on  the  network  architecture,  we 
designed  and  manufactured  a  WDM  coupler  and  a  distribution 
cabinet  in  which  to  install  it.  Finally,  we  report  on  the  ultra-high¬ 
speed  network  “Tsukuba  WAN”  that  employs  this  architecture. 

2.  Network  Architecture 

2.1  Network  Design 

Figure  1  shows  the  two  ring  network  architectures  for  a 
metropolitan  area  network,  which  incorporates  large  and  small 
capacity  networks.  The  ring  network  architecture  is  more  reliable 
and  less  expensive  than  the  star  network  architecture  as  regards 
physical  network  installation. 

Figure  1(a)  shows  an  “individual  architecture”.  Two  2-fiber  rings 
(one  clockwise  and  one  counter  clockwise)  connect  each 
transmission  equipment  port.  The  transmission  equipment  for  the 
large  capacity  network  (TE-L)  and  that  for  the  small  capacity 
network  (TE-S)  are  installed  in  the  user  site  for  the  large  capacity 
network  (L-user).  Only  TE-S  is  installed  in  the  user  site  for  the 
small  capacity  network  (S-user).  The  2  fibers  for  TE-L  pass  the  S- 
user  as  shown  in  Fig.  1(a).  A  total  of  4  fibers  are  required  in  this 
conventional  architecture. 

Figure  1(b)  shows  our  proposed  “parallel  architecture”  [3],  The 
WDM  couplers  are  installed  between  TE-L,  TE-S  and  the  2  fibers 
in  L-user.  The  WDM  coupler  divides  and  multiplexes  TE-L  and 
TE-S  wavelengths.  In  S-user,  they  are  installed  between  TE-S  and 
an  optical  fiber  so  that  they  connect  with  the  same  port  of  each 
WDM  coupler.  The  WDM  coupler  and  parallel  architecture 
enables  us  to  install  two  networks  with  only  2  fibers. 
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2.2  Evaluation 

Table  1  shows  an  evaluation  of  the  individual  and  parallel 
network  architectures.  The  cost  involves  a  trade-off  between  the 
cost  of  the  two  fibers  in  the  individual  architecture  and  that  of  the 
WDM  coupler  in  the  parallel  architecture.  The  parallel 
architecture  is  advantageous  over  long  distances. 

With  both  architectures  it  is  easy  to  add  TE-L  to  an  S-building. 
However,  when  the  optical  fiber  route  design  for  TE-S  is  different 
from  that  for  TE-L  in  the  individual  architecture,  the  optical  fiber 
route  must  be  changed  in  order  to  connect  with  an  S-user. 


(a)  Individual  architecture 


(b)  Parallel  architecture 
Figure  1 .  Network  architecture 


Table  1 .  Evaluation  of  network  architecture 


Item 

Parallel 

Individual 

Cost 

Optical  fiber 

AxBx2 

A  xB  x  4 

WDM 

coupler 

C  X  D 

0 

Flexibility 

TE-L 

Addition 

Easy 

Same  route:  easy 

Another  route:  need 
to  change  route 

Optical  fiber:  A  yen  /  km  WDM  coupler:  C  yen  /  building 

Distance:  Bkm  Number  of  users:  D 


3.  Distribution  design  at  user  site 

The  distribution  design  at  a  user  site  is  important  in  terms  of 
reducing  optical  loss,  because  a  user  site  has  many  fiber  connection 
points.  Specifically,  when  the  wavelength  for  TE-L  passes  the  S- 
user  in  the  parallel  architecture,  optical  loss  occurs  when  a  signal 
passes  through  the  WDM  coupler  and  optical  fiber  at  the  user  site. 

Figure  2  shows  the  distribution  design  for  user  sites.  We  assume  that 
TE-L  and  TE-S  are  installed  in  another  building. 

Figure  2  (a)  shows  the  distribution  design  in  the  user  site  when  the 
WDM  coupler  is  installed  in  the  same  place  as  the  TE-S.  With  L- 
user,  the  TE-L  signal  passes  through  user  buildings  1,  2,  3  and  the 
TE-L.  There  are  certain  fiber  connection  points  with  optical  loss 
between  buildings  1  and  3  and  this  optical  loss  must  be  minimized. 
With  S-user,  the  TE-L  signal  passes  through  building  1  and  is 
returned  in  user  building  2.  Optical  loss  occurs  as  the  signal  passes 
through  the  optical  fiber  cable  between  the  buildings. 

Figure  2  (b)  shows  the  distribution  design  for  a  user  site  when  a 
WDM  coupler  is  installed  in  the  cabinet  in  building  1,  which  is  the 
nearest  to  WAN.  With  L-user,  the  TE-L  signal  passes  through 
buildings  1  and  3.  With  S-user,  the  TE-L  signal  is  returned  to  WAN 
in  user  building  1.  This  enables  us  to  reduce  optical  loss  without 
routing  the  signal  through  building  2. 

When  transmission  equipment  is  installed  in  two  or  more  user  site 
buildings,  it  must  be  installed  in  the  building  nearest  WAN  in  order 
to  reduce  optical  loss.  To  reduce  the  optical  loss  for  TE-L,  it  is 
necessary  to  minimize  the  optical  loss  when  a  TE-L  signal  passes 
through  S-user.  Moreover,  to  allow  us  to  install  the  equipment 
simply  in  a  building,  we  developed  a  distribution  cabinet  that  can 
accommodate  4  WDM  couplers. 

4.  WDM  coupler  for  parallel  architecture 

4.1  WDM  coupler  design 

Figure  3  shows  the  structure  of  our  WDM  coupler,  which  is 
constructed  with  three  input-output  ports,  a,  b,  and  c  [3].  The 
communication  signal  wavelengths,  X-A  and  A.-B,  input  from  port 
a  are  divided  to  X-A  and  A,-B,  and  X-A  is  output  at  port  c,  and  X  - 
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B  is  output  at  port  b.  Port  a  is  connected  to  WAN,  port  b  is 
connected  to  TE-S,  and  port  c  is  connected  to  TE-L.  We  allocated 
the  short  wavelength  band  of  the  C-band,  1530-1543  nm,  to  TE-S, 
and  the  long  wavelength  band  of  the  C-  and  L-band,  1547-1610 
nm,  to  TE-L  in  order  to  use  the  wavelengths  effectively.  We 
therefore  designed  the  port  b  outputs  and  inputs  in  the  1530-1543 
nm  band  and  the  port  c  outputs  and  inputs  in  the  1547-1610  nm 
band. 


4.2  Characteristics  of  prototype  WDM  coupler 
4.2.1  Optical  characteristics 

We  manufactured  a  WDM  coupler  prototype  that  divided  and 
multiplexed  1530-1543  nm  signals  for  X-A  and  1547-1610  nm 
signals  for  X-B. 

Figure  4  shows  the  insertion  loss  of  the  WDM  coupler  prototype. 
The  insertion  loss  of  each  port  was  very  low  at  less  than  1  dB. 


Furthermore,  a  low  insertion  loss  is  required  at  a-c,  because  X-A 
passes  through  port  a-c  in  the  S-building.  We  designed  the  WDM 
coupler  with  optical  filters  to  reflect  X-A  for  a  lower  optical  loss. 
Moreover,  we  designed  the  coupler  to  be  compact  to  allow  it  to  be 
installed  in  a  distribution  cabinet. 


4.2.2  Appearance 

Figure  5  is  a  photograph  of  our  prototype  WDM  coupler.  Its  small 
size  is  aimed  to  be  installed  in  a  distribution  cabinet. 


(a)  WDM  coupler  in  transmission  equipment 


(b)  WDM  coupler  in  cabinet 
Figure  2.  Distribution  design  at  user  site 
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a  *,-A  >  X-B 
WAN  « 

TE-Lor  ^ 

Through  c  X-A 


Optical  filter  (X-B:pass,  X -A:  reflection) 

J.  X-B 


Figure  3.  Configuration  of  WDM  coupler 


Wavelength  (nm) 


Figure  4.  Prototype  WDM  coupler  insertion  loss 


Size  H9  x  W80  X  D20  (mm) 

Figure  5.  Photograph  of  prototype  WDM  coupler 


4.3  Characteristics  of  prototype  cabinet 

Figure  6  shows  the  appearance  of  the  cabinet  in  which  the  4 
WDM  couplers  are  installed.  Its  size  is  small  enough  for  it  to  be 
installed  in  the  space  for  a  main  distribution  frame  (MDF  ).  The 
cabinet  can  accommodate  4  WDM  couplers  in  each  tray. 

Each  WDM  coupler  is  accommodated  in  the  tray  individually.  A 
faulty  WDM  coupler  can  be  replaced  without  touching  any  other 
WDM  coupler  that  may  be  in  use.  The  four  trays  are  stacked  and 
accommodated  in  the  cabinet.  The  tray  has  three  ports,  a,  b  and  c 
that  employ  an  MU  connector.  This  cabinet  is  equipped  with  a 
guide  to  prevent  the  optical  fiber  from  bending  with  a  small 
diameter  and  thus  cause  bending  loss.  This  enables  us  to  use  the 
cabinet  in  the  L-band. 


Figure  6.  Appearance  of  cabinet  containing 
4  WDM  couplers 

5.  Ultra-high-speed  ring  network 
“Tsukuba  WAN”  using  parallel 
architecture 

5.1  Background  to  Tsukuba  Science  City 

Figure  7(a)  shows  the  location  of  Tsukuba  Science  City.  It  lies  45 
kilometers  north  of  Tokyo,  and  is  a  unique  area  hosting  a  large 
number  of  research  institutes.  The  most  important  feature  of  this 
area  is  that  it  hosts  many  research  institutes,  researchers  and 
supercomputers  [4].  To  allow  us  to  study  ultra-high-speed  access 
networks,  meta-computing  and  interactive  large-scale  computer 
simulation,  we  need  access  to  an  ultra-high-speed  network 
offering,  for  example,  a  rate  of  10  Gbit/s  per  path. 

5.2  Network  requirements  and  design 

Figure  7(b)  shows  the  route  of  Tsukuba  WAN.  Ten  research 
institutes  are  connected  via  Tsukuba  WAN,  and  the  total 
connected  distance  is  40  kilometers.  Research  institutes  need 
highly  reliable  networks  that  operate  in  the  150  to  600  Mbit/s 
range,  to  provide  such  functions  as  data  exchange.  In  contrast, 
supercomputer  research  institutes  need  even  larger  capacity 
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networks,  for  example  10  Gbit/s  per  path  [5],  and  low  latency 
networks  to  link  with  supercomputers  in  remote  locations.  Low 
network  latency  is  required  for  currently  used  supercomputers. 

To  meet  the  first  of  the  above  demands,  add  drop  multiplexers 
(ADM)  have  been  employed  to  allow  operation  in  the  150  to  600 
Mbit/s  range,  and  the  total  capacity  of  the  ring  network  is  10 
Gbit/s.  An  ADM  functions  with  high  reliability  through  the  use  of 
a  unidirectional  path  switched  ring  (UPSR).  If  a  failure  occurs,  the 
signal  is  switched  to  the  other  fiber. 


(a)  Location  of  Tsukuba  Science  City 


(b)  Route  of  Tsukuba  WAN 
Figure  7.  Location  and  Route  of  Tsukuba  WAN 


To  meet  the  second  demand,  optical  add  drop  multiplexers 
(OADM)  have  been  employed  that  operate  at  10  Gbit/s  per  path 
and  realize  low  latency.  An  ADM  has  longer  latency  than  an 
OADM,  because  an  ADM  processes  the  passing  signal  electrically 
in  the  same  way  as  drop  and  add  signals.  The  ADM  network  has 
two  factors  which  give  signals  latency;  one  is  optical  fiber,  the 
other  is  electrical  processing.  The  latency  is  about  200  psec  when 
the  optical  fiber  length  is  20  km  and  there  are  five  ADMs  between 
supercomputer  research  institutes.  In  contrast,  an  OADM  allows  a 
wavelength  to  pass  without  electrical  processing  at  a  building 
where  no  wavelength  is  dropped.  We  selected  an  OADM  that  can 
accommodate  a  maximum  of  56  wavelengths  to  allow  future 
extension. 

In  order  to  use  wavelengths  effectively,  we  allocated  the  1530  to 
1543  nm  band  to  the  ADM,  and  the  1547  to  1610  nm  band  to  the 
OADM,  which  are  connected  with  WDM  couplers  equipped  with 
2  fibers.  The  WDM  coupler  allocates  the  1530  to  1543  nm  band 
to  the  through  port,  port  b,  and  the  1547  to  1610  nm  the  to  the 
reflecting  port,  port  c,  which  has  a  lower  insertion  loss  than  the 
through  port.  The  optical  loss  of  the  OADM  wavelength  signal 
that  passes  through  S-user  is  minimized. 

The  ultra-high-speed  ring  network  "Tsukuba  WAN”  with  a 
maximum  capacity  of  570  Gbit/s  was  installed  with  the  above 
configuration,  and  began  operation  in  April,  2002.  It  is  providing 
satisfactory  levels  of  performance. 

6.  Conclusion 

We  proposed  a  parallel  architecture  designed  to  provide  cost- 
effective  ring  networks  in  metropolitan  area  networks,  where  the 
network  capacity  demand  for  individual  buildings  varies  greatly. 
This  architecture  employs  two  pieces  of  transmission  equipment 
connected  to  two  fibers  with  a  WDM  coupler.  It  is  advantageous 
in  terms  of  the  effective  use  of  optical  fiber  and  wavelength.  To 
reduce  optical  loss  at  user  sites,  it  is  advantageous  to 
accommodate  an  optical  coupler  in  a  cabinet  installed  in  the 
nearest  building  to  WAN.  We  designed  and  manufactured  a 
WDM  coupler  prototype  and  a  cabinet  based  on  this  architecture 
and  obtained  good  levels  of  performance.  We  employed  this 
parallel  architecture  using  the  WDM  coupler  for  Tsukuba  WAN, 
which  has  been  operating  satisfactorily. 
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Abstract 

In  the  fiber  coloring  process,  the  reduction  of  the  eccentricity 
between  the  fiber  and  the  coloring  die  is  important  to  improve  the 
speed  and  the  quality  of  colored  fiber.  The  eccentricity  is  related 
to  the  flow  field  of  coloring  ink  in  the  die  and  it  is  strongly 
influenced  by  the  geometric  structures  of  the  coloring  die.  A 
Numerical  analysis  by  which  we  investigated  the  coloring  ink 
flow  according  to  the  variation  of  the  geometric  structures  of  the 
coloring  die  was  performed.  The  relations  between  the  coloring 
ink  flow  pattern  and  the  design  variables  of  the  die,  i.e.  the 
dimension  of  gap,  approach  angle,  length  of  land  and  coloring 
speed  were  derived.  From  the  results,  a  new  coloring  die  which 
reduces  the  eccentric  input  of  the  fiber  was  designed  and 
manufactured.  Some  experiments  were  performed  and  they  show 
that  the  results  of  numerical  analysis  are  valid.  The  numerical 
analysis  was  performed  by  FLUENT  which  is  based  on  finite 
volume  method. 

Keywords 

Fiber;  coloring;  eccentricity;  self-centering-force;  FLUENT 

1.  Introduction 

The  optical  fiber  coloring  process  is  widely  used  to  paint  the  fiber 
with  several  color  of  ink.  In  the  process,  the  fiber  passes  through 
the  tapered  coloring  die  hole  filled  with  coloring  ink  and 
experiences  ink  adhesion  to  the  wall  (figure  1).  The  colored 
fibers  are  combined  and  covered  with  tube  to  the  optical  fiber 
cable.  In  case  of  cable  connection,  each  fiber  is  distinguished  by 
its  own  color.  The  coloring  speed  and  the  uniformity  of  the  ink 
adhesion  determine  the  productivity  of  the  coloring  process.  The 
former  is  related  with  the  quantity  of  output  and  the  latter  is 
connected  with  the  quality  of  output.  The  effective  variables  of 
coloring  process  are  the  process  variables  such  as  coloring  speed, 
fiber  tension,  inverse  tension,  and  the  property  variables  such  as 
density,  viscosity,  surface  tension  of  coloring  ink,  and  the  flow 
variables  such  as  pressure  distribution  of  the  ink  which  related 
geometric  structure  of  coloring  die.  When  we  suppose  the 
properties  of  the  cured  resin  in  the  coated  fiber  is  equal,  the 
uniformity  of  ink  adhesion  is  determined  by  the  relative 
eccentricity  between  the  coloring  die  and  the  passed  fiber.  In  the 
inlet  area,  the  fiber  leans  to  the  die  wall  because  of  initial 
vibration,  this  cause  eccentric  input  of  fiber  and  aggravates 
uniform  adhesion  of  ink.  In  the  worst  case,  the  fiber  is  breaked  off 
or  unstained  in  some  area.  Lots  of  scraps  are  produced  because  of 
inappropriate  coloring  process.  After  all,  for  low  scraps  and 
uniform  coloring,  it  is  important  to  reduce  the  eccentricity 
between  die  wall  and  fiber.  By  the  way,  A  Self  Centering  Force 


(S.C.F.)  of  fiber  itself  can  reduce  such  eccentricity.  In  general,  the 
wire  shaped  material  which  pass  through  the  tapered  die  whose 
diameter  decreasing  toward  moving  direction  experiences  the 
S.C.F  by  which  the  material  resists  the  eccentric  input.  In  this 
article,  we  tried  to  clarify  the  mechanism  of  S.C.F  and  to  design 
new  coloring  die  which  strengthen  the  S.C.F  for  high  speed  of 
coloring.  We  numerically  analyse  the  internal  flow  pattern  of 
coloring  ink  in  the  coloring  die  and  examine  the  relationship 
between  the  S.C.F  and  the  principal  variable  of  the  die  geometry 
such  as,  approach  angle,  gap  between  fiber  and  die  wall,  land 
lengh.  Some  experiments  carried  out  and  compared  to  the 
numerical  results.  This  shows  a  strong  coincidence.  The 
numerical  analysis  is  performed  by  commercial  CFD  software 
FLUENT  version  6.0. 


Figure  1.  Geometry  of  Coloring  Die 
(Step  1  Analysis) 


2.  Problem  Description 

Analysis  proceeded  by  2-step.  The  step  1  is  to  analyse  the  entire 
flow  pattern  -pressure  distribution  and  streamline-  of  the  coloring 
ink  as  axisymmetric  2-D  problem  in  case  of  concentric  input  of 
fiber  to  the  whole  die  region.  Then  the  step  2  analysis  started  to 
confine  the  discussion  to  the  second  die  hole  of  coloring  die  and 
to  analyse  the  effect  of  eccentricity  as  3-D  problem  in  case  of 
eccentric  fiber  input.  The  step  2  analysis  has  also  plane  symmetric 
geometry  but  quantitative  comparision  of  S.C.F  for  parametric 
change  of  variable  requires  3-D  modeling  which  is  real  situation. 
The  entire  geometry  of  the  step  1  analysis  is  shown  in  figure  1.  As 
we  did  not  consider  eccentric  input  of  fiber,  an  axisymmetric  2-D 


International  Wire  &  Cable  Symposium 


78 


Proceedings  of  the  51st  IWCS 


shape  is  drawn  and  the  figure  1  represents  the  cutting  section 
along  with  the  axis.  The  coloring  die  looks  like  a  tapered  die  with 
a  small  die  hole  attached  to  a  cylindrically  shaped  body  measured 
10mm  length.  In  the  inlet,  coloring  ink  inflows  with  the  pressure 
of  1 .5bar  and  the  fiber  passes  through  the  ink  region  with  constant 
speed.  The  internal  flow  of  ink  is  assumed  steady  state  and  in  this 
case  the  stagnated  ink  flow  in  the  first  die  hole  forms  free  surface 
by  the  balances  of  the  drag  inflow  by  the  fiber  speed  and  the 
pressure  outflow  by  the  die  pressure.  Thus  the  net  ink  flow  out  of 
the  first  die  hole  is  zero.  From  the  result,  we  regards  the  free 
surface  of  ink  near  the  first  die  hole  as  a  wall  for  the  convenience 
of  numerical  analysis. 

The  model  applied  to  Step  2  analysis  is  shown  in  figure  2.  An 
approach  region  400 jim  and  a  land  length  200pm  is  modeled  near 
the  second  die  hole.  A  fiber  enters  eccentrically  by  amount  of  ‘e’ 
from  the  axis.  By  making  use  of  symmetry,  the  tapered  cone 
shaped  die  region  is  cut  off.  And  the  section  is  specified  by  a 
symmetry  boundary  condition.  For  the  input  pressure  of  coloring 
ink  can  be  neglected  with  respect  of  the  peak  pressure  in  the  die, 
we  supposed  the  pressure  of  input  ink  to  be  atmosphere  pressure. 

As  we  only  concern  the  pressure  distribution  and  the  flow 
pattern  of  coloring  ink  in  case  of  steady  state  eccentric  input  of 
fiber,  we  neglect  a  unexpected  variation  of  the  gap  between  the 
fiber  and  the  die  wall  which  might  be  caused  by  invasion  of  dust, 
a  sudden  lump  of  the  fiber  diameter,  or  something  other  variations 
in  modeling.  In  this  analysis,  we  regard  the  process  that  the  fiber 
enters  into  the  coloring  die  with  constant  eccentricity  from  the 
axis  as  a  similar  situation  of  a  translational  motion  of  fiber  wall 
with  same  speed  of  fiber  input.  We  neglect  the  change  of 
temperature  during  the  coloring  process  because  of  small  size  of 
the  die  and  relatively  high  speed  of  the  fiber.  [3] 


Figure  2.  Geometry  of  Second  Die  Hole 
(Step  2  Analysis) 


2.1  Governing  Equations 

Under  the  above  assumption,  the  governing  equations  and  the 
boundary  conditions  that  determine  the  flow  in  the  coloring  die 
can  be  presented  as  the  following  equations.  The  governing 


equations  are  the  well-known  Navier-Stokes  equation  -  a  system 
of  simultaneous  nonlinear  partial  differential  equations.  The 
continuity  equation  and  the  momentum  equations  are  given  by 

(IX  (2). 


v-v  =  o 

0) 

Dv  =  pg  Vp+pV2V 

Dt 

(2) 

2.2  Boundary  Conditions 

The  boundary  conditions  are  (3)~(6).  In  the  Inlet  (3)  and  outlet 
(4),  the  pressures  are  given.  At  the  fiber  wall  (5),  the  fiber  speed 
is  given  as  a  moving  wall  condition  and  at  the  die  wall  (6),  no  slip 
condition  is  given  as  a  wall  condition. 


pir,Q,x=0)=Pi 

—  (ink  inlet) 

(3) 

p(r,Q,x=L)=p0 

—  (ink  outlet) 

(4) 

nr=rflbepQ,x)=U 

—  (fiber  wall) 

(5) 

V(r=rdie,B,x)=0 

(die  wall) 

(6) 

2.3  Solution  Procedure 

The  density  of  ink  is  998.2  kg/m3.  And  we  suppose  the  coloring 
ink  to  a  Newtonian  fluid.  So  the  viscosity  of  the  ink  is  not 
changed  by  the  shear  rate.fl]  Only  by  the  temperature  change  the 
viscosity  varies.  Figure  3  shows  that  the  viscosity  of  ink 
exponentially  decreases  with  temperature  increases.  But  the 
length  of  die  is  short  enough  to  neglect  temperature  change  during 

the  passage  and  we  set  all  the  temperature  of  ink  to  30°C.[2] 


Figure  3.  Viscosity  Function  of 
Temperature 


International  Wire  &  Cable  Symposium 


79 


Proceedings  of  the  51st  IWCS 


Under  this  condition,  the  Reynolds  Number(Re  =p  VD/p  )  is 

about  50  for  the  gap  between  the  die  and  the  fiber  being  10pm.  So 
the  entire  flow  of  coloring  ink  can  be  regarded  as  laminar  flow. 
The  numerical  analysis  was  performed  by  commercial  CFD 
software  FLUENT  of  version  6.0.  [4] 

The  computational  grid  system  used  for  step  1  analysis  is  (redial 
xaxial)(14*100)  as  figure  4.  For  step  2  analysis  (redial x axial x 

azimuthal)  (10x50x100)  grid  system  is  selected  to  generate  3-D 
mesh.  The  discretization  is  performed  by  use  of  2nd  upwind 
scheme.  And  the  SIMPLE  algorithm  was  used  to  couple  pressure 
and  velocity  [5].  The  drag  coefficient  of  fiber  wall  was  used  for 
convergence  criterion.  After  200  iteration  the  drag  coefficient 
converged  for  step  1  analysis  and  we  continued  to  calculate  for 
600  iteration  and  the  same  method  was  used  for  step  2  analysis. 
The  calculation  time  on  HP  Kayak  workstation  was  around  5 
minutes  for  step  1  analysis  and  one  hour  for  step  2  analysis. 


Figure  4.  Grid  Generation 
(Step  1  Analysis) 

3.  Results  and  Discussions 

The  results  of  analysis  proceeded  by  2-step.  The  results  for  step  1 
analysis  is  the  simulation  of  entire  flow  pattern  -  the  pressure 
distribution  and  streamline  -  of  coloring  ink.  And  the  results  for 
step  2  analysis  is  the  simulation  of  the  effect  of  eccentricity  in 
case  of  eccentric  fiber  input  to  the  second  die  hole  of  the  coloring 
die. 


Figure  5.  Pressure  Distribution  on  the 
Fiber  Wall  (Step  1  Analysis) 


3.1  Results  of  Step  1  Analysis 

The  simulation  were  carried  out  for  the  following  condition  of 
table  1.  The  pressure  distribution  on  the  fiber  wall  was  presented 
by  the  figure  5. 


Table  1.  Conditions  for  the  Step  1  Analysis 
and  the  Step  2  Analysis 


Parametric  Variables 

Step  1  analysis 

Step  2  analysis 

Inner  diameter  of  die  (d) 

265  (pm) 

265  (pm) 

Fiber  diameter  (D) 

245  (pm) 

245  (pm) 

Land  length  (L) 

500  (pm) 

200  (pm) 

Approach  angle  (a  ) 

12  (deg) 

12  (deg) 

Length  eccentricity  (e) 

0(nm) 

5  (nm) 

Coloring  speed  (v) 

300  (mpm) 

300  (mpm) 

(a)  Approach  angle  (a  ) 


Figure  6.  Peak  Pressure  vs  Approach  Angle 
and  Die  Diameter  (Step  1  Analysis) 
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Except  the  approach  region,  the  pressure  of  ink  keeps  constant  0 
Pa(gauge  pressure).  The  ink  pressure  of  tapered  approach  region 
rapidly  increases  toward  the  moving  direction  for  the  reason  that 
the  passing  fiber  attaches  the  ink  on  the  fiber  wall. 

As  we  go  further  down,  the  peak  pressure(2  lObar)  attained  at  the 
end  point  of  the  tapered  die.  Compared  with  peak  pressure,  the 
input  pressure  is  assumed  to  be  negligible.  So  we  have  carried  out 
step  2  analysis  for  the  condition  that  the  input  pressure  is 
atmosphere  pressure.  The  peak  pressure  linearly  decreases  along 
the  land  of  the  die  to  the  atmosphere  pressure.  From  all  the  result, 
the  peak  pressure  is  linearly  proportional  to  the  viscosity  of  the 
ink  and  have  no  relation  to  land  length  of  the  coloring  die.  As  the 
approach  angle  increases  the  peak  pressure  decreases  as  is  shown 
in  Figure  6(a).  This  can  be  understood  that  the  surface  drag  force 
of  moving  fiber  is  the  net  driving  force  that  goes  up  the  pressure 
of  the  tapered  die,  i.e.,  for  the  same  length  of  tapered  region,  the 
smaller  approach  angle  is  the  larger  the  drag  force  is  per  unit  mass 
of  fluid.  As  the  diameter  of  coloring  die  increases  the  peak 
pressure  exponentially  decreases  as  shown  in  Figure  6(b). 


It  is  evident  that  the  gap  between  the  die  and  the  fiber  increases  as 
the  diameter  of  die  goes  up  for  the  same  fiber  diameter.  So  the 
peak  pressure  exponentially  decreases  as  the  diameter  of  the  die 
increases. 


3.2  Results  of  Step  2  Analysis 

The  Simulation  was  carried  out  for  the  condition  of  table  1 .  The 
pressure  distribution  of  the  land  of  die  and  the  tapered  region  is 
given  in  the  Figure  7.  As  shown  in  the  figure  7,  the  pressure 
distributes  symmetrically  to  the  y-axis  and  high  pressure  is 
simulated  at  the  bottle  neck  region,  especially  at  upper  bottle 
neck  region  is  presented  the  maximum  pressure  (420  bar).  The 
S.C.F.  can  be  obtained  by  means  of  integrating  the  pressure  on  the 
fiber  wall  over  the  entire  fiber  surface.  In  this  case  we  computed 
S.C.F.  for  the  region  of  600pm  length  from  the  end  of  die. 


14.170+07 
3.760+07 
3.340+07 
pT  2.92e+07 
2.500+07 
2.09©+07 
1.67@+07 
1.258+07 
8.34e+06 
4.170+06 

(Pa) 


Section  A-A 


Figure  7.  Pressure  Distribution  in  the  Second 
Die  Hole  (Step  2  Analysis) 


Figure  8.  Self  Centering  Force  vs  Fiber  Speed 
and  Peak  Pressure  (Step  2  Analysis) 
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The  result  shows  that  the  S.C.F.  acts  against  the  fiber  eccentricity 
and  the  magnitude  of  S.C.F.  is  18  times  as  large  as  that  of  the  drag 
force  of  the  moving  fiber.  The  accurate  value  of  S.C.F.  is 
0.33 13(N)  toward  -y  axis  (the  direction  against  eccetricity)  and 
that  of  the  drag  force  is  0.01 82(N)  toward  -x  axis  (the  direction 
against  fiber  input).  Figure  8  shows  that  The  S.C.F.  linearly 
increases  with  coloring  speed.  We  see  that  The  S.C.F.  grows  with 
the  pressure  in  the  region  between  coloring  die  and  fiber.  As  it  is 
evident  from  Figure  9,  the  S.C.F.  exponentially  increases  by  both 
decreasing  the  gap  and  increasing  the  approach  angle.  The  S.C.F 
is  regulated  by  the  mechanism  of  which  The  more  eccentricity  is, 
the  bigger  S.C.F  is.  So  the  fiber  becomes  stable  toward  the 
concentric  axis.  Supposed  that  the  eccentricity  of  input  fiber  is 
constant,  the  reduction  of  gap  between  fiber  and  die  may  cause 
the  fiber  being  exposed  to  weakness  of  the  dust  input  and  sudden 
lump  of  fiber  diameter.  This  is  the  reason  why  we  are  interested  in 
the  approach  angle  -  the  effective  design  variable. 


Figure  9.  Self  Centering  Force  vs  Approach 
Angle  and  Eccentricity  (Step  2  Analysis) 
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Table  2  gives  the  S.C.F.  value  to  various  kind  of  gap  and 
approach  angle,  if  we  select  the  approach  angle  5(deg),  the  S.C.F. 
value  of  the  changed  design  grows  up  twice  bigger  than  that  of 
current  design  -  approach  angle  12(deg).  We  manufactured  the 
draft  design  of  type  I,  type  II  to  coloring  die  and  tested  it  in  real 
plant  situation.  We  found  that  the  unstain  area  scrape  of  the 
design  type  II  is  twice  as  lower  as  that  of  the  current  type. 


4.  Conclusions 

The  flow  characteristic  of  coloring  ink  in  the  coloring  die  is 
numerical  analyzed  by  using  FLUENT.  From  the  results,  we 
found  that  the  pressure  of  ink  in  the  coloring  die  is  proportional  to 
the  coloring  speed,  the  eccentricity  and  inversely  proportional  to 
the  approach  angle.  The  peak  pressure  of  ink  decreases  as  the  gap 
between  fiber  and  die  increases  and  irrelevant  of  the  land  length. 
The  S.C.F.  exponentially  increases  with  the  gap,  the  eccentricity 
and  exponentially  decreases  with  the  approach  angle.  From  the 
result,  a  revised  coloring  die  is  manufactured.  The  concept  of  new 
design  is  to  decrease  the  approach  angle  with  the  same  the  gap. 
Several  test  shows  the  scrape  by  unstained  area  to  the  revised  die 
is  twice  as  lower  as  that  of  the  current  die.  and  we  found  that  the 
the  eccentricity  also  can  be  controlled  by  raising  the  coloring 
speed. 


Table  2.  Compared  Results  between  the  S.C.F.  of 
the  Numerical  Analysis  and  the  Experimental 
Outputs 


Design  Type 

Gap: 

(d-D)/2 

Approach 
angle:  (a  ) 

S.C.F 

Frequency  of 
Unstained  Fiber 

Current  type 

10  (pm) 

12  (deg) 

0.3313  (N) 

3  ~  4  (/day) 

Type  I 

10  (pm) 

9  (deg) 

0.4473  (N) 

3  ~  4  (/day) 

Type  II 

10  (pm) 

5 (deg) 

0.7222  (N) 

1  ~  2  (/day) 

Type  III 

8.5(pm) 

5 (deg) 

1.1032  (N) 

Not  Tested 
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Abstract 

When  planning  optical  networks,  complementary  to  an  accurate 
cost  model,  there  is  also  the  need  referring  to  reliable 
trends/curves  showing  optical  equipment  production  costs 
evolution,  versus  their  technological  maturity.  The  resulting 
curves  could  be  useful,  for  instance,  in  evaluating  the  right  timing 
to  begin  the  deployment  of  a  planned  network,  or  in  estimating 
the  total  cost  of  the  initial  investment.  The  adopted  prediction 
model  is  based  on  the  combination  of  an  extended  learning  curve 
model  and  a  logistic  growth  curve  model. 

Cost  curves  were  traced  for  some  meaningful  optical  network 
components.  The  prediction  procedures  and  computations  are 
discussed  taking  into  account  the  current  photonics  manufacturing 
environment.  The  conclusion  is  that  only  an  improvement  of  the 
same  factors  (standardization,  outsourcing  and  automation) 
characterizing  the  computer  industry  could  really  speed  up  a 
photonics  products  cost  decrease. 

Keywords 

Optical  components;  cost  evolution;  learning  curves. 

1.  The  current  photonics  manufacturers 
scenario 

Although  the  photonics  sector  is  destined  to  become  a  major  force 
in  the  world  economy,  and  the  market  demand  for  photonics 
component  and  systems  is  potentially  massive,  it  is  our  view  that 
the  current  manufacturing  approaches  are  too  inefficient.  It  is  true 
that  optical  communications  components  and  systems  markets 
experienced  a  phenomenal  growth  in  the  last  few  years,  but  this 
growth  was  mostly  driven  by  the  need  of  carriers  to  rapidly 
expand  and  upgrade  their  infrastructure  to  meet  an  explosive 
growth  in  bandwidth  demand.  We  think  that  in  these  years 
photonics  companies  paid  more  attention  to  their  capacity 
expansion  rather  than  to  processes  optimization.  This  phase  has 
been  characterized  by  rapid  building  of  manufacturing  plants, 
widespread  hiring  of  low-cost  manufacturing  personnel,  and 
purchasing  of  basic,  non-integrated  tools.  Process  engineering 
innovations,  automation,  and  standardization  were  largely  absent 
from  this  type  of  expansion,  since  all  of  these  factors  have  to  take 
lower  priority  than  “time  to  capacity”.  Time  to  capacity  is  such  an 
essential  competitive  factor  in  the  supply-constrained  industry 
setting,  that  we  believe  it  may  cause  manufacturers  to  side-step 
industrial  engineering  issues. 

An  analysis  of  the  current  photonics  manufacturing  industry  can 
explain  why  some  optimistic  predictions  about  costs  trends  have 
been  more  times  corrected.  By  means  of  a  comparison  with  the 
silicon  semiconductors  industry  we  can  derive  some  useful 
insights  [1]: 


•  First  of  all  we  must  observe  that  the  photonics  devices 
fabrication  sector  is  severely  fragmented:  a  multitude  of 
technologies  and  competencies  is  involved.  For  example  the 
know-how  of  an  optical  switch  supplier  must  comprehend: 
semiconductors  (encompassing  both  Si  and  III-V 
semiconductors),  thin-film  technology,  wave-guide 
propagation,  polarization,  micro-optics,  Micro-Electro- 
Mechanical  systems  (MEMS).  Assembling  modules  and 
testing  processes  form  the  “back  end”. 

•  Another  negative  and  common  characteristic  is  the  reluctance 
of  photonics  companies  in  outsourcing  manufacturing 
technologies,  with  a  consequent  lack  of  scalability  in  the 
current  manufacturing  processes.  To  outsource  processes 
means  gradually  to  migrate  toward  higher  value-added 
activities,  to  reach  deeper,  more  proprietary  technologies,  to 
do  innovative  component  design;  to  perform  a  proper  module 
and  system-level  engineering. 

•  The  automation  level  of  the  current  manufacturing  processes 
is  still  very  far  from  the  desired  one.  Despite  the  high- 
technology  nature  of  the  products,  manufacturing  of  optical 
components  is  most  often  compared  to  “shoe  making”,  in 
terms  of  labor  intensity,  lack  of  automation,  and  lack  of 
process  optimization1.  Assembling  modules  and  final  fiber 
attachment  (also  called  “pig  tailing”)  and  testing  are  also 
notorious  for  their  high  manual  labor  intensities. 

•  Moreover  standardization  is  not  enough  defined  throughout 
the  supply  chain,  except  for  SDH  equipment  that  follows 
strict  recommendations.  For  example,  the  form-factors  of 
thin-film  dies  vary  among  different  vendors.  This  is  widely 
recognized  as  one  of  the  main  inhibitors  of  manufacturing 
scalability  throughout  the  supply  chain,  pertaining  not  only 
to  the  components,  but  also  to  the  modules  and  systems. 

All  these  factors  yield  as  a  consequence  that  industrial  photonics 

manufacturing  processes  are  not  well  engineered  and  optimized. 

We  can  list  here  the  effects  of  the  above-mentioned  factors: 

1.  Inefficiencies  in  the  manufacturing  processes:  low 
productivity  due  to  high  production  costs. 

2.  Inhibition  of  the  growth  of  industrial  infrastructures  and 
development  of  an  organic  supply  chain. 

3.  Retards  in  the  harmonic  maturation  of  the  sector. 

However  we  may  say  that  things  are  gradually  changing.  We 

believe  that  the  industry  is  transitioning  from  a  supply-constrained 


1  This  is  why  many  customers  are  obliged  to  re-test  products 
before  installation  or  to  use  them  under  the  guaranteed 
performance  (as  it  often  happens  with  WDM  multiplexers). 
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situation  to  having  a  more  balanced  demand  and  supply  situation  . 
The  photonics  industry  is  now  entering  a  harmonic  demand- 
driven  growth  phase  that  will  see  the  development  of  a  mature 
supply  chain.  Industrial  processes  will  be  organized  and 
optimized.  A  lot  of  benefits  will  come  into  the  photonics  business 
model,  including: 

•  Rapid  cost  reduction,  hence  rapidly  declining  average 
selling  prices; 

•  Improved  manufacturing  efficiency  and  scalability; 

•  Reduced  labor  intensity  combined  with  increased  capital 
intensity. 

2.  Generalities  about  cost  predictions 

In  the  past  a  realistic  prediction  of  network  equipment  cost  trends 
could  be  based  on  a  limited  but  substantial  body  of  “solid” 
information  and  statistical  data  referring  to  previous  years.  Today 
factors  affecting  evolutions  and  insufficient  historical  data  make 
doing  reasonable  predictions  to  be  extremely  more  difficult. 

2.1  Features  making  predictions  to  be  difficult 

The  present  situation  in  the  telecommunication  environment  is 
characterized  by  the  presence  of  a  number  of  evolutionary  factors 
that  currently  contribute  to  make  future  introduction  scenarios  less 
“controllable”,  and  thus  less  “predictable”  than  in  the  past.  These 
factors  are: 

•  Widespread  liberalization  and  deregulation:  the  evolution 
from  a  “natural  monopoly”  “full  competition”  is  a  really 
common  situation  in  many  countries. 

•  Technical  innovation:  the  optical  components  evolution  is 
really  dynamic,  new  technologies  change  the  overall  scenario 
in  few  years. 

•  Introduction  of  new  broadband  services 

These  factors  affect  all  the  optical  communication  market  sectors 
and  in  particular  the  manufactory  production  costs. 

2.1.1  Uncertainties  iie  a/so  in  time.  Many  prediction 
uncertainties  lie  in  answering  not  only  the  “how  much  at  that 
time?”  question,  but  also  the  “when  available  at  that  cost?”  matter. 
Indeed,  components’  cost  actual  decrease  is  often  “smoother” 
when  compared  with  the  expected  one  (see  Figure  1).  Many 
grounds  could  be  the  cause  of  this:  for  instance,  due  to  the  recent 
net-economy  uncertainties  and  financial  weaknesses,  many 
incoming  network  operators  are  relenting  their  investments 
towards  all-optical  networks.  Moreover,  despite  of  promises,  due 
to  some  unexpected  technological  difficulties,  the  development  of 
all-optical  functionality  and  management  capabilities,  for  WDM 
systems,  seems  to  be  late  if  referred  to  expectations.  As  a  further 
consequence,  components  suppliers  hesitate  to  improve  their 
production  processes  and  automation  because  they  could  be  very 
expensive  and  wasteful  if  not  properly  targeted.  All  of  this  implies 
a  slower  unitary  cost  decrease. 


2  This  modification  could  be  considered  as  one  of  the  “positive” 
effects  of  recent  downturn  in  the  economy 


the  component  cost  decrement. 

2.1.2  Features  facilitating  predictions.  Despite  of  the 

uncertainties  factors  described  in  the  previous  paragraphs,  some 

other  features  could  determine  a  certain  cost  decrease: 

•  Standardization 

•  Components  can  be  interchangeable  with  an  equivalent 
one. 

•  Modularity  allows  creating  a  multi-vendor  network,  by 
assembling  components  of  different  manufacturers  (and 
choosing  the  most  advantageous  ones). 

•  Severe  requirements  preventing  failures  permit  to 
concentrate  many  devices  into  a  unique  equipment 
without  loss  in  reliance. 

•  “Ad  hoc”  studies  for  new  networks  aren’t  needed  any 
more. 

•  Competition  between  manufacturers  increases. 

•  Large  scale  economies 

•  Automated  manufacturing  processes  allow  a  cost 
decrease  and,  overall,  a  more  reliable  product  (e.g.  the 
importance  of  the  mechanical  alignment  in  the  optical 
switch  is  crucial). 

•  Larger  volume  production  justifies  the  implementation 
of  new  and  specialized  simulation,  planning  and  CAD 
tools  to  improve  components  engineering. 

•  Learning  curves 

•  The  accumulated  experience  leads  to  a  year-by-year  cost 
save  for  manufacturers. 

•  Monolithic  approach 

•  Several  devices  are  integrated  into  a  single  component, 
thus  saving  space  and  redundant  devices  (like  power 
suppliers  or  connectors). 

•  Component  maturity 

•  Even  if  the  cost  of  a  prototype  is  particularly  more 
expensive  of  a  consolidated  one,  we  can  expect  that  its 
cost  will  reduce  faster  in  percent  because  the  associated 

Proceedings  of  the  51st  IWCS 


85 


International  Wire  &  Cable  Symposium 


technology’  is  being  introduced  first  and  it  isn’t  still 
inserted  in  a  productive  process  (that  determines  the 
major  cost  reduction). 

3.  Approach  adopted  to  perform 
predictions 

3.1  Predictive  model  choice  criteria 

One  possibility  could  be  to  forecast  production  costs  directly  by 
using  a  time  series  representing  the  production  cost  trend  in  the 
last  period  (usually  one  year)  and  then  extrapolating  it  in  the 
future.  Other  possibilities  could  also  be  to  use  different  types  of 
forecasting  models,  still  based  on  data  available,  like: 

•  Simple  or  multiple  regression  models 

•  Smoothing  models  like  Holt  or  Holt- Winters  models 

•  ARIMA  models 

•  Transfer  models 

•  Kalman  filter  models 

•  Growth  curve  models 

However  these  models  could  be  properly  used  only  when 
sufficient  historical  costs  are  available.  We  then  adopted  an 
alternative  method  that  is  based  on  a  combination  of  an  extended 
learning  curve  model  and  a  growth  curve  model.  The  advantage  of 
this  choice3  is  essentially  the  possibility  of  using  it  when  only  a 
few  observations  (see  the  following  paragraph)  are  available  and 
even  if  historical  costs  are  partially  or  totally  absent.  For  this 
reason,  the  method  is  particularly  suitable  for  innovative 
components,  or  components  not  having  a  long  production  history, 
like  those  considered  in  this  work. 

The  required  considerations  concern  the  maturity  level  of  the 
component,  the  time  it  will  remain  on  the  market,  the  dependence 
between  the  annual  cost  decrease  and  the  cumulated  production 
experience.  All  these  arguments  are  strictly  correlated  with 
standardization,  scale  economies,  learning  curves  and  technology 
maturity,  all  features  we  have  previously  seen. 

The  described  advantage  could  be  a  limitation  in  the  case  we  only 
dispose  of  historical  costs.  We  removed  this  possible  drawback  by 
implementing  a  program  that  allows  utilizing  the  model 
extrapolating  the  information  needed  from  historical  costs  (see 
paragraph  3.3.3). 

3.2  The  costs  forecasting  formula 

The  function  used  to  evaluate  future  costs  is  firstly  based  on 
Wright  theory:  “Each  time  the  cumulated  units  production 
doubles,  the  unit  cost  decreases  of  a  constant  percentage”  (Wright, 
Boston  Consulting  Group).  It  means  that  the  unit  costs  decrease  as 
an  inverse  function  of  the  incremented  productive  experience. 

That  observation  was  then  traduced  into  a  time  dependent 
function4: 


The  combination  of  these  models  was  used  to  determine  cost  trends 
contained  in  the  Project  TITAN  tool  database.  The  model  is  also  used 
by  several  other  techno-economical  network  studies  (Cobnet,  Astra, 
Optimum  and  others). 

4  The  theory  and  the  math  behind  that  equation  are  explained  in  the 
Appendix  of  [17], 


Predicted  cost  at  time  t  = 

f(0  =  f  (0)  [n(0)  -1  (1  +exp[  ln(I/n(0)  -1)  -  2  t  ln9/ At] )  ]b*2K  (1) 

To  use  correctly  the  method,  an  appropriate  knowledge  of  the 

coefficients  meaning  is  needed.  Indeed  the  choice  of  their  values 

determines  the  prediction. 

•  n(0)  =  the  relative  proportion  of  produced  components  at 
time  0.  It  roughly  synthesizes  the  maturity  of  the  component 
at  time  0,  in  fact  a  low  value  indicates  that  we  are  at  the 
beginning  of  its  production  and,  consequently,  of  its 
technology  and  standardization. 

•  A/  =  the  time  it  takes  for  the  growth  curve  to  go  from  10% 
to  90%  of  the  cumulated  volume.  A  long  time  expresses  that 
there  aren’t  competitive  alternatives  to  the  component,  but 
also  that  its  technology  evolution  is  slow  enough  to  obstruct 
the  advent  of  new  components.  A  short  time  indicates  a 
component  that  will  be  replaced  early  or  that  its  high  demand 
determines  its  strong  commercialization  at  the  beginning  of 
the  production  with  a  fast  market  saturation. 

•  K  =  the  learning  curve  coefficient  (relative  decrease  in  the 
cost  by  the  double  production).  It  is  related  to  the  production 
experience  increase.  It  is  indirectly  influenced  by  the 
standardization  because  clear  recommendations  permit  large- 
scale  approaches  and  a  more  automated  production. 

•  f(0)  -  the  initial  component  cost. 

To  clarify  which  is  the  real  meaning  of  At,  n(0),  the  following 

graphical  representation  could  be  useful  (see  Figure  2,  Source 


Figure  2.  At,  n(0)  graphical  interpretation  (Source 
[2]) 


3.3  How  to  determine  the  coefficients 

3.3.1  Information  sources.  Where  to  look  for  the  information 
used  to  evaluate  the  function’s  coefficients?  Typical  sources  could 
be  a  lot  of  Internet  sites  concerning  techno-economics  of  optical 
networks;  some  sites  are  reliable,  others  almost  unknown,  some 
with  recent  information,  others  with  past,  some  provide 
predictions,  others  historical  data.  We  can  find  this  information 
under  different  formats,  being  either  numbers  or  qualitative 
considerations:  data  mining,  online  surveys,  web  analysis,  market 
researches.  Further  information  could  be  gathered  from 
company’s  databases  and  from  optical  networks  specialized 
magazines. 
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3.3.2  Definition  of  the  coefficients.  The  first  step  is  to  get  a 

rich  availability  of  information,  either  quantitative  or  just 
qualitative.  Once  this  base  has  been  built,  mean  /  pondered  values 
could  be  determined  for  the  coefficients.  We  can  generally  say 
that  market  experts  opinions  are  the  main  references  to  define  At, 
n(0),  while  vendors  information  is  often  used  to  determine  K  and 

m 

3.3.3  Additional  availability  of  historical  data.  As  we 

explained  in  paragraph  3.1  the  model  we  adopted  can  work 
without  historical  data,  nonetheless  more  accurate  results  could  be 
obtained  by  a  coefficients  definition  that  takes  into  account  also 
historical  information.  In  order  to  exploit  a  historical  data 
availability,  we  implemented  a  program  (in  Visual  Java  language, 
it  runs  on  Windows  operation  systems)  that  gets  the  coefficients 
starting  from  the  component  historical  costs.  A  brief  explanation 
of  how  the  program  works  follows: 

When  the  user  inserts  the  past  costs  values  with  their  referring 
year,  the  program  calculates  many  predictions  using  equation  (1). 
For  all  the  previsions,  the  initial  value  f(0)  of  (1)  is  the  oldest 
value  provided  by  the  user.  The  program  returns  the  coefficients 
of  the  equation  that  performs  the  best  forecast  of  the  other  inserted 
costs.  The  result  can  be  useful  to  evaluate  unreliable  coefficients 
or  to  be  directly  used  in  (1)  to  extend  the  forecast  for  fixture 
years.5 

A  following  upgrade  of  the  program  allows  to  fix  some 
coefficients,  that  we  suppose  right,  to  find  the  others  in  function 
of  them  and  of  the  historical  costs. 

3.4  Costs  trend  calculation 

To  perform  the  computation  of  the  cost  trends  and  to  plot  them 
out,  we  implemented  a  simple  MS  Excel  program,  requiring  the 
predictive  formula  coefficients  and  the  initial  cost  as  input.  It 
calculates  the  (1)  year  by  year,  thus  drawing  the  component  cost 
curve  for  the  next  1 0  years  as  output. 

By  changing  one  (or  more  than  one)  coefficient  value  at  a  time, 
the  program  allows  the  user  to  observe  how  this  affects  the  cost 
forecast. 

Such  different  cost  forecasts  can  be  simultaneously  estimated  and 
represented,  thus  allowing  a  comfortable  comparison  of  several 
cost  curves  on  the  same  graphic. 

4.  Forecasted  equipment  cost  curves 

4.1  Assumptions 

We  made  the  following  assumptions: 

•  We  considered  production  costs,  not  market  pricing,  because 
selling  prices  are  generally  personalized  taking  into  account 
the  importance  of  the  customer  and  the  volume  of  unit 
bought.  Moreover  sector  growth  or  recession  drastically 
influences  them.  Pure  production  costs  are  more  appropriate 
for  long  period  predictions. 


5  It  is  worth  noting  that  the  calculated  value  of  n(0)  refers  to  the  year  of 
the  less  recent  cost  inserted,  assumed  as  initial  value.  The  equation  to  be 
used  to  find  the  n(t)  (value  of  relative  volume  produced  at  time  t)  is: 
n(t)  =  1/(1+  exp(ln(n(0)'!  -1)+  2(t/At)  ln9).  Differently  the  other 
coefficients,  K  and  At,  are  time  independent. 


*  To  simplify  the  coefficient  calculation,  we  catalog  the  several 
devices  in  different  components  families  that  use  the  same 
technology,  so  we  can  extend  the  coefficients  value  (except 
the  initial  cost  f(0))  of  the  component  to  all  the  other 
components  that  belong  to  its  family.  For  example  if  we 
characterize  the  coefficients  for  the  SDH  STM  16  port,  we 
can  generalize  assuming  that  the  coefficients  of  all  other 
SDH  ports  will  inherit  the  same  values. 

•  The  lack  of  historical  data  for  prototypal  components  forced 
us  to  make  several  hypotheses  to  determine  their  lifetime, 
cost,  maturity.  The  hypotheses  concern  mainly  the 
technology  used,  the  possible  component  upgrades,  the 
estimated  volume  for  the  next  years  and  the  trends  of  similar 
components. 

4.2  Coefficients  definition 

Due  to  the  fact  that  it  was  not  possible  to  us6  to  find  out  neither  a 
large  availability  of  information  (see  paragraph  3.3),  nor 
additional  historical  costs  (see  paragraph  3.3.3),  we  couldn’t 
perform  any  proper  elaboration  in  order  to  derive  likely 
coefficients.  Then,  we  had  to  refer  to  already  defined  coefficients 
coming  from  some  authoritative  market  research  houses.  Relying 
on  these  sources  we  tried  to  draw  the  prediction  for  some 
representative  components. 

4.3  SDH  STM16  Card 

For  SDH  cards  we  found  the  values  reported  in  Table  1.  Data  are 
derived  from  [3]  except  the  initial  cost  that  is  derived  from  [4], 
the  value  is  expressed  in  KEuro  units. 


Table  1.  SDH  STM  16  Card  coefficients 


Inserting  the  coefficients  in  the  excel  sheet  that  computes  (1),  the 


Figure  3:  SDH  STM16  card  cost  trend 

The  average  cost  decrement  is  about  14%  per  year.  The 
component  recommendations  are  clear  and  the  technology  is  well 
known,  but  the  SDH  components  prices  are  too  high.  Maybe  the 


* 6  but  in  the  case  reported  in  next  paragraph  4.4 
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advent  of  10-Gigabit  Ethernet  equipment  as  potential  substitute 
could  lead  to  a  more  marked  cost  decrement  [5], 

4.4  Gigabit  Ethernet  backbone  switch  port 

For  this  opto-electronic  device  we  calculated  the  model 
coefficients,  listed  in  Table  2,  applying  the  program  explained  in 
the  paragraph  3.3.3.  The  cost  values  inserted  to  run  the  program 
derive  from  [6]  as  the  initial  value,  the  unit  used  is  KEuro. 


Table  2.  IGigabitEthernet  port  coefficients 


Inserting  the  coefficients  in  the  excel  sheet  and  running  (1),  the 
following  forecast  is  obtained  (see  Figure  4.  Gigabit  Ethernet  port 
cost  trend). 
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Figure  4.  Gigabit  Ethernet  port  cost  trend 

Gigabit  Ethernet  shifts  Ethernet  from  a  LAN-only  technology  to  a 
LAN,  MAN,  and  WAN  technology.  When  10-Gigabit  Ethernet 
will  be  available  and  cost  effective,  DWDM  will  leverage  10- 
Gigabit  Ethernet  in  optical  networks  as  a  more  efficient  and  less 
expensive  technology  than  SDH/SONET  [7].  The  annual  cost 
decrease  (about  20%)  could  be  mainly  induced  by  a  concrete 
standardization  and  a  competitive  industrial  segment  where 
generally  the  leading  actors  are  electronic  manufacturers. 


4.5  EDFA  Optical  Amplifier 

For  optical  amplifier  we  found  the  values  reported  in  Table  3. 
Data  are  derived  from  [3]  and  [2]  except  the  initial  cost  that  is  the 
same  one  proposed  by  [8],  in  which  the  values  are  normalized  by 
the  cost  of  one  kilometer  of  deployed  fiber  under  standard 
conditions 


Table  3:  Optical  Amplifier  coefficients 


Inserting  the  coefficients  in  the  excel  sheet  and  running  (1),  the 
following  forecast  is  obtained  (see  Figure  5). 


Figure  5.  Optical  Amplifier  cost  trend 


The  annual  cost  decrement  is  about  13%  for  the  first  years,  then  it 
slowly  changes  to  10%.  The  EDFA  amplifiers  are  useful  devices, 
but  they  operate  on  a  bandwidth  that  today  appears  too  limited  (4 
Thz)  and  their  cost  is  still  considerable.  New  Raman  amplifiers 
are  the  most  promising  alternative;  they  have  a  flat  gain  over 
200nm  (about  20Thz).  Consequently  a  more  marked  decrement 
(not  foreseen  by  the  curve  above)  could  happen  when  Raman 
amplifiers  will  be  widely  commercialized.  We  are  trying  to 
improve  the  cost  curve  in  this  direction.  (For  further  details  see 
[9]  and  [10]). 

4.6  WDM  (De)Multiplexer 

For  WDM  we  found  the  values  reported  in  Table  4.  Data  are 
derived  from  [2]  except  the  initial  cost  that  is  the  same  one 
proposed  by  [8],  in  which  the  values  are  normalized  by  the  cost  of 
one  kilometer  of  deployed  fiber  under  standard  conditions. 


Table  4.  WDM  Coefficients 


Inserting  the  coefficients  in  the  excel  sheet  and  running  (1),  the 
following  forecast  is  obtained  (see  Figure  6) 


Figure  6.  WDM  cost  trend 
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The  annual  cost  decrease  is  about  20%.  The  cost  save  is  mainly 
caused  by  the  lithography  process  improvement  used  to  produce 
the  AWG  (Arrayed  Wave-guide  Grating)  that  is  the  core  element 
of  WDM  Mux/Demux  (for  further  details  see  [1 1],  [12]).  Another 
cause  could  be  the  advent  of  new  competitive  products  that  allow 
the  transmission  of  signals  using  closer  wavelengths  (the  number 
of  channels  used  by  the  multiplexers  doubles  each  10  months). 

4.7  Optical  Switch  Connection  Matrix 

For  OSM  we  found  the  values  reported  in  Table  5.  Coefficients 
are  derived  from  [2]  except  the  initial  costs  that  we  estimated  for 
the  year  the  component  will  be  commercially  available  basing  our 
analysis  on  the  cost  values  proposed  by  [8];  the  values  are 
normalized  by  the  cost  of  one  kilometer  of  deployed  fiber  under 
standard  conditions. 


Table  5.  Optical  switch  connection  matrices 
coefficients 


We  calculated  when  new7  space  switches  will  be  available  by  the 
following  consideration:  the  MEMS  switch  capacity  doubles 
roughly  each  12  months,  its  max  switching  speed  each  6  months 
(see  Figure  7).  The  major  obstacle  to  the  capacity  increment  is  the 
insertion  loss,  an  imprecise  misalignment  could  cause  the  waste  of 
many  dB  of  optical  power.  The  wavelengths  that  pass  through  the 
matrix  could  be  subject  to  different  attenuation  values.  (Source: 
i.e.e.e.  Communications). 
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Figure  7.  Optical  switch  matrix  performance  trend 

The  switches  costs  prediction  is  depicted  in  Figure  8.  The  values 
are  calculated  inserting  the  coefficients  of  Table  5  in  the  excel 
program.  The  initial  costs  are  the  same  proposed  by  [8], 

The  predicted  cost  decrement  is  about  16%  per  year.  The  switch 
matrices  are  a  representative  example  of  optical  devices,  indeed 
their  performance  expectation  is  very  high  because  they  will  be 
the  core  of  optical  cross  connect,  but,  today,  their  price  is  too  high 
and  the  capacity  too  low.  The  technologies  used  to  produce  them 
are  essentially  two:  the  arrayed  waveguide  grating  (AWG)  and  the 


MEMS  technologies  [13].  Even  if  the  last  one  seems  to  prevail, 
this  indecision  determines  a  delay  of  performances  and  of 
investments  in  the  automation  of  the  productive  processes. 


4.8  OXC 


The  Optical  Cross  Connect  we  consider  is  based  on  the  block 
model,  shown  in  [8],  we  reproduced  it  in  Figure  9. 


OPAQUE  OPTICAL  CROSS  CONNECT 


Figure  9.  A  simplified  block  model  for  a  generic 
optical  cross  connects 


A  possible  OXC  could  contain  the  devices  listed  in  Table  6: 


Table  6.  Devices  included  in  a  possible  OXC 
configuration 


Switch  matrix  256x256 

1 

Control  plane  &  managment 

1 

Mux/Demux  40  ch 

6 

Wavelength  converters  40  ch 

6 

Optical  Amplifier  40  ch 

12 

I/O  Interface 

16 

I/O  Couple  of  Fibers 

6 
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Then  the  initial  cost  is: 

CoXC-2S6x25(T  6  (2  Cqa+CmITODMUX+Cwc)  +  16  Citf+  CSM+  Cpcm 

Coxc-256x256  ~  (96  x  12)  +  (48  x  6)  +  (284  x  6)  +  (57  x  16)  +  (1500 
x  1)  + (100  X  1)  =  5656 

Values  are  relative  to  one  kilometer  of  deployed  fiber  under 
standard  conditions. 

The  forecasted  cost  curve  for  the  OXC,  obtained  inserting  the 
component  coefficient  in  the  excel  program,  is  shown  in  Figure  10. 
The  relative  coefficients  are  derived  from  many  sources  ([3],  [2], 
[4],  i.e.e.e.  Communications,  Optical  Network  Magazine).  The 
initial  devices  costs  are  the  same  ones  proposed  by  [8]  the  values 
are  normalized  by  the  cost  of  one  kilometer  of  deployed  fiber 
under  standard  conditions. 
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Figure  10.  OXC  cost  trend 

The  OXC  average  cost  decrement  is  about  1 3%  per  year,  but  some 
considerations  are  necessary: 

The  wavelength  converters  today  available,  that  influence  heavily 
the  overall  cost,  shouldn’t  considerably  reduce  their  cost  quickly 
in  the  next  few  years.  However  new  all  optical  wavelength 
converters,  based  on  Mach-Zehnder  principle,  are  really 
promising  and  they  should  be  available  in  two  or  three  years. 
They  will  consent  to  improve  the  current  opaque  OXC  to  a 
completely  transparent  one  (independent  to  the  bit-rate  speed  and 
to  the  kind  of  modulation).  Today  it  is  really  difficult  to  predict 
their  cost.  (For  further  details  see  [14]). 

The  switch  matrix  will  become  less  critic  in  future  from  a  cost 
point  of  view. 

The  40  channels  amplifier  cost  will  decrease  slowly  (but  maybe  it 
will  be  replaced  by  a  more  cost-effective  Raman  amplifier  in  the 
next  three  years  scenario). 

We  are  working  on  the  prediction  of  the  DXC  future  cost  to 
compare  it  with  the  OXC. 

5.  Comparison  with  some  other  forecasts 

A  comparison  of  our  results  with  some  other  predictions  could  be 
useful.  In  this  section  we  illustrate  and  comment  three 
components  costs  previsions  found  on  the  Internet. 

After  a  first  look  at  the  forecasts  the  analogy  with  our  predictions 
will  appear  to  be  remarkable,  even  if  a  more  rigorous  control  of 


the  cost  curves  reveals  little  discrepancies.  This  similarity 
contributes  to  validate  our  results  and,  above  all,  it  comforts  us 
about  the  correctness  of  the  methodology  adopted  to  reach  them. 

5.1  General  prices  reduction  (Source:  RHK). 

The  Compound  Semiconductor  magazine  shows  the  results  of  a 
RHK  (Ryan  Hankin  Kent  Inc,  Telecommunications  Industry 
Analysis)  research  about  economics  of  photonic  manufacturing: 
the  products  price  reduction  is  about  25%  per  year. 

Even  if  this  prediction  concerns  component  prices  and  not  costs, 
we  can  compare  its  trend  with  the  cost  curves  shown  before.  We 
predict  a  cost  reduction  of  20%  per  year  also  for  WDM 
Mux/Demux,  that  is  one  of  the  most  promising  components  from 
a  cost  point  of  view.  This  forecast  is  a  bit  more  optimistic  than 
ours.  Anyway,  in  order  to  perform  a  more  accurate  comparison  we 
should  know  the  hypotheses  used  to  obtain  that  value. 

5.2  Price  Evolution  of  the  AWG  (Source:  [15]) 

A  more  precise  forecast  is  presented  in  [15].  It  predicts  the  price 
evolution  of  the  AWG  (it  belongs  to  the  WDM  family)  until  2003; 
we  can  confront  the  trend  and  not  the  absolute  values.  In  Figure 
1 1  we  compare  the  price  curve  presented  in  that  document  with 
the  one  we  derived  inserting  the  WDM  coefficients  of  Table  4, 
except  the  initial  value  that  is  the  real  price  (not  estimated)  of  the 
year  1999.  All  the  values  following  the  year  1999  are  previsions. 
The  curves  are  really  close,  only  in  the  year  2003  we  can  see  a 
divergence  of  10%  of  the  price  that  indicates  our  prediction  as  the 
more  optimistic. 


Figure  11.  Comparison  of  AWG  cost  predictions 


5.3  Comparison  between  SDH  and  Gigabit- 
Ethernet  Cost  Evolutions  (Source:  [16]). 

10-Gigabit  Ethernet  Alliance  presents  a  third  forecast,  it  compares 
trends  of  SDH  and  Ethernet  for  the  next  3  years  (source:  [16]). 
We  reproduce  it  in  Figure  12. 
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Figure  12.  Ethernet  -  SONET  interfaces 
comparison 


Figure  12  underlines  the  huge  difference  of  the  bandwidth  /  cost 
ratio  between  SDH  and  Ethernet  equipment.  Here  we  try  to 
qualitatively  compare  those  forecast  with  ours.  To  draw  our 
predictive  curves  we  inserted  in  the  excel  program  the  same 
coefficients  of  paragraphs  4.3  and  4.4,  except  the  initial  values 
that  are  the  same  of  GEA. 

The  trend  of  the  OC  48  (equivalent  to  STM  16)  is  compatible  with 
our  forecast  (see  paragraph  4.3  and  Figure  3),  its  decrease 
fluctuates  from  -10%  to  -16%  per  year.  Instead  we  think  the 
prediction  concerning  OC-192  device  (equivalent  to  STM  64)  is 
to  far  optimistic,  even  if  we  admit  it  is  a  less  mature  component 
and  its  cost  curve  will  be  steeper  then  the  OC  48  curve  (but  it 
should  not  reach  a  -33%  per  year  as  the  Figure  12  predicts  from 
year  2002  to  2004). 

For  the  1  Gigabit  Ethernet  interface  the  trend  is  almost  the  same  of 
our  prevision  (see  paragraph  4.4  and  Figure  14),  while,  differently 
from  what  Figure  12  indicates,  we  suppose  the  10GE  will  be 
commercially  available  only  in  2002  and  its  decrease  cost  less 
effective. 


Figure  13.  GEA  and  our  forecasts  comparison 


Figure  14.  Focus  on  1  Gigabit  Ethernet  forecasts 


6.  Uncertainties 

The  strength  of  the  adopted  method  is  the  possibility  to  use  it 
knowing  only  qualitatively  information,  even  if  historical  data 
doesn’t  exist.  However,  to  make  the  result  reliable  and  complete, 
it  would  be  opportune  to  start  from  a  large  availability  of  data. 
Moreover,  we  must  say  that  the  results  could  be  completely  wrong 
if  the  coefficients  inserted  in  the  formula  are  too  much 
approximate  or  not  correct  7. 

Indeed,  it  was  not  simple  to  produce  significant  and  complete 
characterizations  of  such  new  cost  trends.  One  main  reason  was 
that  it  is  still  hard  to  collect  concrete  and  reliable  information. 
Moreover  the  documents,  we  are  looking  for,  are  often  reserved 
because  the  selling  prices  are  personalized  for  each  customer. 

Then,  our  policy  was  trying  to  identify  at  first  simple  and 
preliminary  indicative  trends.  In  this  selection  phase,  the  policy 
was  trying  to  follow  the  most  probable  evolutionary  trace.  These 
basic  curves  could  then  be  reproduced,  with  proper  modifications, 
up  to  more  realistic  trends. 

7.  Applications 

Once  reliable  cost  forecasts  have  been  calculated,  the  natural 
evolution  of  this  study  could  be  to  analyze  the  most  representative 
and  likely  network  scenarios  from  the  cost  point  of  view.  This  will 
allow: 

•  to  understand  which  ones  will  be  really  cost-effective, 

•  to  determine  which  is  the  best  trade-off  between  performance 
and  cost  today,  the  direction  it  will  move  to  in  future, 

•  to  roughly  predict  the  right  timing  to  begin  the  deployment 
of  a  specific  technology  and  the  total  amount  of  the  initial 
investment. 


7  Here  we  remind  how  we  found  some  data,  from  different 
sources,  not  only  different  but  even  divergent  in  some  cases. 


International  Wire  &  Cable  Symposium 


91 


Proceedings  of  the  51st  IWCS 


8.  Conclusions 

The  purpouse  of  this  work  was  to  study  and  provide  with 
evolutionary  trends/curves  for  some  meaningful  optical-network 
equipment  production  costs,  versus  their  technological  maturity. 
The  resulting  curves  could  be  useful,  for  instance,  in  evaluating 
the  right  timing  to  begin  the  deployment  of  a  planned  network  or 
in  estimating  the  total  amount  of  the  initial  investment.  The 
adopted  prediction  model  is  based  on  a  combination  of  an 
extended  “learning  curve”  model  and  of  a  logistic  “growth  curve” 
model,  thus  the  unit  production  cost  is  traduced  from  an  inverse 
function  of  the  cumulated  volume  into  a  time  dependent  function. 
To  perform  computations  and  to  plot  graphics  a  simple  Microsoft 
Excel  program  was  used. 

The  prediction  procedures  and  computations  were  placed  into  a 
critical  insight  concerning  the  current  photonics  manufacturing 
scenario.  An  analysis  of  photonics  industry  explained  why  some 
optimistic  predictions  about  costs  trends  have  been  more  times 
corrected  in  past.  The  conclusion  was  that  only  an  improvement 
of  the  same  factors  (standardization,  outsourcing,  automation) 
characterizing  the  computer  industry  could  really  speed  up  a 
photonics  products  cost  decrease. 
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Abstract 

Optical  fiber  coatings  are  developed  basically  based  on  the  flat  film 
evaluations.  Flat  film  is  made  by  applying  optical  fiber  coating  on 
flat  substrate,  such  as  glass  or  PET  film,  and  passing  it  under  UV 
lamp.  However,  there  are  several  differences  between  flat  film  and 
actual  optical  fiber  drawing  condition.  For  example,  UV  lamps  for 
optical  fiber  drawing  have  far  higher  intensity  than  those  for  flat 
film  curing.  Draw  speed  is  also  difference.  The  condition  gap 
between  flat  film  and  fiber  drawing  is  deep.  It  is  already  reported 
that  such  difference  can  make  the  performance  of  cured  coating  on 
fiber  different  from  that  of  flat  film  [1].  To  remove  or  narrow  this 
gap,  we  made  a  draw  tower  simulator  using  metallic  wire  for 
evaluation  of  optical  fiber  coating.  By  using  metallic  wire,  draw 
speed  can  be  changed  without  affecting  temperature  of  the  substrate 
on  which  UV  curing  coating  is  applied.  The  draw  tower  simulator 
is  capable  of  not  only  single  coating  but  also  wet-on-wet  type 
double  layer  coating.  Evaluation  of  the  cured  coating  can  be  made 
by  several  methods.  For  example,  the  Young’s  modulus  of 
secondary  coating  is  measured  by  tubular  sample  and  the  modulus 
of  primary  coating  can  be  evaluated  ‘ ’pull-out-modulus” 
measurement  as  reported  elsewhere  [2].  In  this  paper,  the  drawing 
simulator  and  the  several  insights  made  by  using  this  machine  are 
presented. 

Keywords 

Optical  fiber  coating;  Re-winder;  Draw  tower;  Cure  speed;  Quartz 
tube;  Simulator 

1.  Introduction 

Recent  sophisticated  characteristics  and  high  demand  for  optical 
fiber  require  coatings  to  have  finely  tuned  performance  and  high 
productivity.  Therefore  it  is  indispensable  to  evaluate 
performance  of  the  coating  by  method  close  to  actual  production 
condition.  By  putting  metallic  wire  instead  of  glass  on  actual 
draw  tower,  simulation  of  fiber  drawing  was  carried  out  [3]. 
However,  better  reproducibility  and  easier  operation  were  desired. 
A  new  simulator  that  can  simulate  drawing  conditions  more  stably 
and  more  conveniently  was  developed.  In  this  paper,  we  describe 
a  design  of  new  simulator  and  some  results  obtained  by  using  this 
simulator.  Accuracy  of  cure  speed  measurement  was  compared 
with  the  metallic  wire  on  draw  tower.  The  new  simulator  was 
also  used  to  evaluate  darkening  of  quartz  tube  on  UV  lamp  by 
volatiles  of  coating. 


2.  Experiments 

1.1  Materials 

The  secondary  coatings,  S-l  -  S-3,  based  on  urethane  acrylate 
with  various  photoinitiator  packages  were  employed  for  cure 
speed  study.  Table  1  shows  formulations  of  these  coatings.  Other 
secondary  coatings,  Q1  ~  Q5,  were  employed  for  the  study  on  the 
volatility  and  quartz  tube  darkening.  Table  2  shows  formulations 
of  these  coatings. 


Table  1.  Formulation  of  S-1  -  S-3 


S-l 

S-2 

S-3 

Oligomer 

A 

56 

56 

60 

Monomer 

A 

8 

13 

11 

B 

9 

10 

9 

C 

16 

2 

7 

D 

7 

19 

11 

Photinitiator 

A 

0.5 

1.2 

- 

B 

2.5 

- 

3 

C 

0.5 

- 

- 

Additive 

A 

0.3 

0.3 

0.3 

B 

0.6 

- 

- 

Table  2.  Formulation  of  Q-1  ~ 

Q-5 

Q-l 

Q-2 

Q-3 

Q-4 

Q-5 

Oligomer 

B 

73 

73 

73 

73 

73 

Monomer 

E  Volatility=25%* 

26 

- 

- 

- 

13 

F  Volatility ="5%* 

- 

26 

- 

- 

- 

G  Volatility=30%* 

- 

- 

26 

- 

- 

H  V olatility=  100%* 

- 

- 

- 

26 

13 

Photinitiator 

A 

2 

2 

2 

2 

2 

B 

0.9 

0.9 

0.9 

0.9 

0.9 

Additive 

C 

0.6 

0.6 

0.6 

0.6 

0.6 

*  Weight  loss  under  100  °C  for  an  hour. 
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1.2  Cure  speed  measurement  by  flat  film 

Liquid  coatings,  S-l  ~  S-3,  were  drawn  on  a  glass  plate  with  200 
pm  thickness  using  an  applicator  bar.  These  coatings  were  cured 
by  using  a  UV  conveyor  at  3,  6,  15,  24m/min  under  air.  These 
conveyor  speeds  correspond  500,  250,  100,  63  mJ/cm2  UV  doses. 
Cure  speed  was  measured  by  gel  fraction  or  Young’s  modulus  of 
the  resultant  films. 

1.3  Measurement  of  gel  fraction  for  cure  speed 
(flat  film) 

Cured  film  was  extracted  with  refluxing  methylethylketone 
(MEK)  for  12  hours  and  the  resultant  sample  was  dried  under 
vacuum.  Gel  fraction  was  calculated  from  the  amount  of 
unextractables  in  the  sample. 

1 .4  Measurement  of  Young’s  modulus  for  cure 
speed  (flat  film) 

Young’s  modulus  at  23  °C  of  film  was  measured  by  using  a 
tensile  machine.  A  specimen  with  6  mm  width  and  25  mm  length 
was  pulled  at  tensile  speed  of  1  mm/min.  The  modulus  was 
defined  by  2.5%-secant  modulus. 

1.5  Cure  speed  measurement  by  metallic  wire 
drawing 

Drawing  experiments  were  carried  out  by  using  metallic  wire  of 
125  pm  in  diameter  instead  of  optical  fiber  glass.  Liquid  coatings, 
S-l  ~  S-3,  were  applied  on  the  wire  with  thickness  of  40  pm  and 
cured  by  one  Fusion  P200S/I600  lamp.  The  draw  speed  was 
varied  from  200  ~  1600  m/min. 

1.6  Measurement  of  gel  fraction  and  Young’s 
modulus  for  cure  speed  (tubular  sample) 

A  coated  metallic  wire  was  pulled  to  extend  and  became  thinner. 
The  coating  was  separated  from  metallic  wire  as  a  tubular  sample. 
Measurements  of  gel  fraction  and  Young’s  modulus  were  done  by 
using  this  tubular  sample. 

1.7  Volatility  measurement  of  liquid  coating 

TGA  measurement  was  carried  out  to  evaluate  the  volatility  of  the 
liquid  coatings,  Q-l  ~  Q-5.  The  sample  was  heated  from  room 
temperature  to  100  °C  at  the  rate  of  10  °C/min  and  kept  at  100  °C 
for  an  hour.  Linear  weight  loss  was  observed  at  100  °C.  The 
weight  loss  at  100  °C  was  defined  as  volatility. 

1.8  Evaluation  of  quartz  tube  darkening 

Drawing  experiments  were  carried  out  by  using  metallic  wire. 
Liquid  coatings,  Q-l  ~  Q-5,  were  applied  on  the  wire  with 
thickness  of  40  pm  and  cured  by  one  Fusion  P200S/I600  lamp  at 
the  draw'  speed  of  100  m/min.  Fiber  length  of  each  experiment 
was  8000  m. 

2.  Results  and  Discussion 

2.1  Draw  tower  simulator 

The  schematic  drawing  of  the  drawing  simulator  is  given  in 
Figure  1.  A  commercially  available  re-winder  was  remodeled  by 
adding  coating  dice,  UV  lamp,  and  diameter  detector. 


Configuration  of  metallic  wire  on  actual  draw  tower  is  shown  in 
Figure  2  in  order  to  compare  the  configuration  of  the  draw  tower 
simulator. 


Figure  1.  Configuration  of  draw  tower  simulator 


Comparison  of  the  draw  tower  simulator  and  actual  draw  tower 
was  carried  out.  Characteristics  of  the  simulator  and  draw  tower 
are  summarized  in  Table  3.  Figure  3  shows  the  diameter  change 
of  the  wire  after  drawing  without  applying  coating.  The  wire  run 
by  the  draw  tower  decreased  its  diameter,  which  went  down 
further  at  more  than  1000  m/min  of  draw  speed.  The  wire  after 
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draw  was  pulled  at  constant  force  and  the  elongation  was 
recorded.  The  elongation  is  plotted  against  the  draw  speed  in 
Figure  4.  Over  1000  m/min  of  draw  speed,  elongation  of  wire 
drawn  by  the  draw  tower  decreased.  In  contrast,  the  wire  drawn 
on  the  draw  tower  simulator  did  not  become  thinner  and  showed 
constant  elongation  after  draw  up  to  1600  m/min.  Since  the 
simulator  has  pay  off  and  take  up  controls,  the  tension  is  kept 
constant  throughout  the  experiments.  In  case  of  the  draw  tower, 
the  metallic  wire  was  elongated  by  excessive  tensile  force 
especially  at  high  draw  speed.  This  difference  turned  out  to  be 
affecting  the  result  of  coating  evaluation.  Figure  5  compares  the 
cure  speed  evaluation  result  of  a  certain  coating  by  draw  tower 
and  the  simulator.  The  gel  fraction  of  this  coating  decreased 
linearly  as  the  increase  of  draw  speed.  However,  the  gel  fraction 
obtained  by  the  draw  tower  went  up  at  1200  m/min  of  draw  speed 
then  again  decreased  linearly.  The  draw  speed  where  gel  fraction 
increased  coincides  with  the  speed  where  the  elongation  and 
diameter  of  metallic  wire  decreased.  On  the  contrary,  the  gel 
fraction  obtained  from  the  draw  tower  simulator  showed  linear 
relationship  up  to  1600  m/min. 


Table  3,  Characteristics  of  draw  tower  simulator 


Draw  tower 
simulator 

Draw  tower 

Maximum  draw 

1600 

2000 

speed 

(m/min) 

Draw  speed  control 

Automatic 

Manual 

Height  (m) 

2 

18 

Coating  dice 

1 

2 

Tension  control 

Pay  off  and  take  up 

Take  up  only 

Figure  3.  Changes  in  diameter  of  the  metallic  wire 
after  drawn  on  the  draw  tower  and  the  simulator 


Figure  4.  Changes  in  elongation  of  the  metallic 
wire  after  drawn  on  the  draw  tower  and  the 
simulator 


Figure  5.  Comparison  of  draw  tower  and  the 
simulator  by  gel  fraction 


2.2  Cure  speed  of  flat  film 

Cure  speed  of  coating  is  one  of  the  important  factors  determining 
productivity  of  optical  fiber.  Cure  speed  has  been  estimated  by 
using  flat  film.  In  this  section,  cure  speeds  based  on  flat  film  and 
by  the  draw  tower  simulator  are  compared.  Cure  speeds  of  three 
coatings,  SI  ~  S3,  evaluated  by  using  flat  film  are  plotted  in 
Figures  6  and  7.  When  cure  speed  was  compared  by  gel  fraction, 
S-2  was  fastest.  S-l  and  S-3  came  second  (Figure  6).  In  contrast, 
cure  speed  based  on  Young’s  modulus,  S-l  and  S-2  showed 
almost  the  same  cure  speed  and  S-3  became  last  (Figure  7). 
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Conveyer  speed  (m/min) 

Figure  7.  Cure  speed  by  relative  Young’s  modulus 
of  secondary  coatings  by  using  flat  film 

2.3  Cure  speed  by  the  draw  tower  simulator 

Cure  speed  of  these  coatings,  S-l  ~  S-3,  evaluated  by  using  the 
draw  tower  simulator  are  plotted  in  Figures  8  and  9.  S-2  shows 
the  smallest  decline  in  gel  fraction  and  Young’s  modulus  against 
draw  speed  among  these  coatings.  S-3  shows  the  largest  dip  of 
gel  fraction  and  Young’s  modulus  against  draw  speed  among 
these  coatings.  As  indicated  by  the  gel  fraction  of  flat  film,  S-2 
cures  fastest  among  these  three  coatings.  Although  the  slowest 
one  was  not  clear  by  flat  film  evaluation,  the  draw  tower 
simulator  clearly  indicated  that  S-3  was  slowest  in  cure  speed 
both  by  gel  fraction  and  Young’s  modulus.  The  draw  tower 
simulator  is  able  to  differentiate  the  cure  speed  more 
unambiguously  than  flat  film  evaluation. 


0  500  1000  1500  2000 


Draw  speed  (m/min) 

Figure  9.  Cure  speed  by  relative  Young’s  modulus 
of  secondary  coatings  by  using  tubular  specimen 

2.4  Volatility  of  coating  and  darkness  of  quartz 
tube 

Recent  technical  development  allows  us  to  have  a  fat  preform, 
which  can  draw  more  fiber  at  a  run.  Therefore  the  length  of  fiber 
is  getting  longer  per  drawing.  The  longer  the  fiber  drawing 
becomes,  the  darker  the  quartz  tube  on  the  UV  lamp  becomes, 
because  it  was  believed  that  volatile  materials  from  the  coating 
were  darkening  the  tube.  This  can  be  a  problem  since  at  the  end 
of  the  fiber  drawing,  the  coating  may  not  receive  enough  UV 
energy  giving  poorly  cured  UV  coating  layer  on  fiber.  At  first 
sight,  the  darkness  of  quartz  tube  seemed  to  be  caused  by  volatile 
materials  from  coating  generated  during  curing.  To  examine  this 
speculation  coatings  with  different  volatility  were  compared.  The 
volatility  of  the  coatings,  Q-l  ~  Q-5  is  summarized  in  Table  4. 

Table  4.  Volatility  of  coatings 

~  Q7!  Q-2  Q-3  CM  qT~ 

Volatility  (%)*  6  3  8  23  f5~ 

*  Weight  loss  under  100  °C  for  an  hour. 

The  darkness  of  quartz  tube  was  evaluated  by  comparing  the 
transparency  before  and  after  drawing  with  a  UV-Vis 
spectrometer.  To  obtain  a  quartz  tube  darkened  sufficiently  for 
quantitative  comparison,  an  8000  m  of  wire  needed  to  run  at  slow 
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draw  speed  (100  m/min).  Transmittance  of  the  quartz  tube  after 
drawing  is  summarized  in  Table  5.  Comparison  of  Tables  4  and  5 
indicates  that  volatility  does  not  necessarily  correlate  to  the 
darkness  of  the  quartz  tube.  The  coating  Q-4  showed  the  biggest 
weight  loss.  However,  this  coating  gave  the  most  transparent 
quartz  tube  among  these  coatings.  Intuition  tells  us  that  the 
darkness  of  quartz  tube  seemed  to  be  caused  by  volatile  materials 
generated  during  curing.  However,  volatile  materials  do  not 
always  cause  darkness  to  the  quartz  tube. 


Table  5.  Transmittance  of  quartz  tube  after 
drawing 


Wavelength  (nm) 

Q-l 

Transmittance  (%)* 

Q-2  Q-3  Q-4 

Q-5 

250 

49 

59 

62 

71 

60 

300 

50 

59 

62 

70 

60 

350 

58 

65 

68 

75 

66 

400 

63 

70 

73 

79 

71 

500 

72 

78 

81 

86 

76 

*  Relative  value  to  the  tube  before  use 


2.5  Mechanism  of  the  quartz  tube  darkening 

Though  Q-3  and  Q-4  had  higher  volatility  than  Q-l  and  Q-2,  the 
former  gave  more  transparent  quartz  tube  than  the  latter.  The 
quartz  tube  darkening  was  influenced  by  the  chemical  structure  of 
monomers,  because  these  coatings  have  the  same  composition 
except  for  monomers.  The  monomers  included  in  Q-l  and  Q-2 
consist  of  ethylene  oxide,  that  is  to  say  polar  compounds.  In 
contrast,  the  monomers  included  in  Q-3  and  Q-4  consists  of 
hydrocarbon,  that  is  to  say  non-polar  compounds.  The  quartz 
tube  darkening  seemed  to  be  influenced  by  the  polarity  of 
monomers.  Mechanism  of  the  quartz  tube  darkening  suggested  is 
illustrated  in  Scheme  1 . 

Liquid  coating  is  applied  on  the  wire. 

^hv 

Vaporization  in  UV  lamp 

1 

<Between  volatile  materials  and  quartz  wall> 

Weak  interaction  Strong  interaction 

Discharged  by  the  nitrogen  stream  Absorbed  on  quartz  tube 

i  i 

Transparent  quartz  tube  Opaque  quartz  tube 

Scheme  1.  Mechanism  of  darkness  of  quartz  tube 


As  illustrated  above,  volatilities  (monomers)  are  vaporized  in  UV 
lamp  by  reaction  heat  and  infrared  rays  from  UV  lamp.  If  volatile 
materials  have  weak  interaction  with  glass  wall,  these  are 
discharged  outside  and  quartz  tube  remains  transparent.  However, 
if  volatile  materials  have  strong  interaction,  these  are  absorbed  on 
quartz  tube.  The  absorbed  monomer  degrades  to  dark  color 
materials.  The  coating  Q-5  has  the  intermediate  formulation  of 
Q-l  and  Q-4.  Its  behavior  in  volatility  and  darkening  of  the 
quartz  tube  came  in  the  middle  of  these  two  coatings.  This  result 
indicates  that  the  volatility  and  darkening  have  a  linear 
relationship  to  the  amount  of  monomers.  However,  it  should  be 
emphasized  again  that  the  volatility  and  darkening  do  not  have 
direct  correlation. 

3.  Conclusions 

The  drawing  simulator  was  developed  by  adding  coating  cup,  UV 
lamp,  and  diameter  detector  to  a  re-winder.  This  draw  tower 
simulator  enable  us  to  reproduce  drawing  conditions  more  easily 
and  precisely  than  the  draw  tower  with  metallic  wire.  Tubular 
specimen  prepared  by  this  simulator  could  detect  the  subtle 
difference  of  cure  speed  that  could  not  be  detected  by  flat  film 
experiments.  Darkening  quartz  tube  is  one  of  the  practical  problems 
for  fiber  manufacturing.  This  draw  tower  simulator  provided  a 
quantitative  evaluation  method.  To  minimize  the  darkness  of  quartz 
tube,  it  is  necessary  to  use  not  only  less  volatile  materials  but  also 
materials  that  are  not  easily  absorbed  on  quartz. 
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Abstract 

To  carry  fiber  from  one  located  to  another  in  ABF  (Air  Blown 
Fiber)  bundle  installation,  the  fiber  bundle  needs  to  have 
special  aerodynamic  properties  and  light  weight  for  long 
blown-distance.  The  thermal  extrusion-foaming  technology 
is  commonly  used  to  make  lightweight  and  bumpy  surfaced 
sheath  for  low  friction  in  conventional  ABF  bundle 
production. 

In  this  study,  the  photochemical  (Ultra  Violet)  reaction  is 
employed  to  foam  gas  bubbles  trapped  in  the  coating  film 
for  optical  fiber  bundle.  The  gas  bubbles  trapped  in  the  film 
lower  the  density  of  the  coating  significantly  down  to  one 
half  of  that  of  the  solid  film.  Spontaneous  UV  curing  of  the 
coated  resin  and  UV  foaming  of  the  gas  bubbles  in  the 
cured  film  will  not  only  lower  the  density  of  the  bundle  and 
but  also  increase  the  line  speed  in  ABF  bundle  production  at 
least  to  ten  times  compared  to  that  of  regular  thermal 
extrusion  and  foaming  system. 


Keywords 

ABF,  air  blown  fiber,  polymer  sheath,  optical  fiber  coating,  UV 
cure,  foaming,  low  friction,  photo  cure,  photodecomposition, 
radical  curing. 


1.  Introduction 

Optical  fiber  cables  are  installed  in  much  the  same  way  as 
copper  wire  cables.  The  fiber  cable  is  pulled  into  place 
through  ducts  and  conduits  using  a  rope  attached  to  a  cable 
end.  The  Cables  experience  very  high  tensile  loadings 
during  such  installation,  and  consequently  optical  fiber 
cables  need  very  considerable  reinforcements  to  prevent 
the  optical  fibers  from  being  damaged.  These  requirements 
increase  the  size,  weight,  cost  of  optical  fiber  cables  and 
limitation  in  installation  length.  Air  blown  fiber  system  is  an 
alternative  approach  to  optical  fiber  installations  method.  It 
is  known  to  blow  optical  fiber  cables  into  ducts  in  order  to 
install  long,  continuous  lengths  of  optical  fiber  cables  over 
long  distance,  such  as  to  install  optical  fiber  cables  in  so- 
called  sub-ducts  in  kilometer  lengths.  In  this  method  the 
fibers  are  installed  along  a  previously  installed  duct  using 
fluid  drag  of  a  gaseous  medium,  which  passes  through  the 
duct  in  the  desired  direction  of  advance.  This  method  uses 
distributed  viscous  drag  forces  to  install  a  cable  unit  that  is 
supported  on  a  cushion  of  air.1"2 


The  fiber  bundle  for  ABF  application  should  be  designed  to 
meet  various  physical  requirements  for  long  distance 
installation.  The  lightweight  and  low  surface  friction  between 
the  bundle  and  the  duct  are  main  concerns  in  optical  fiber 
bundle  design.  The  lightweight  and  low  friction  design  will 
give  longer  installation  distance  and  less  tensile  loading  in 
optical  fibers.  In  typically  design,  optical  ribbon  units  consist 
of  plurality  of  conventionally  coated  fibers  are  held  together 
in  lightweight  polymer  sheath  which  contain  foamed  bubbles 
to  reduce  weight  and  surface  friction. 

Commonly,  foamed  skin  is  made  by  thermal  cure  coating 
system.  The  coating  consists  of  thermal  cure  polymer  resins 
and  heat  blowing  agents.  By  heat  extrusion  process,  the 
polymer  is  cured  to  provide  physical  strength  as  sheath  and 
the  blowing  agent  is  decomposed  to  foam  gas  bubbles.  This 
extrusion  and  heat  foaming  processes  limit  the  production 
speed  to  one  tenth  of  conventional  fiber  optic  industries 
standard. 

UV  cure  technology  has  been  successfully  implemented  to 
optical  fiber  coating  and  cabling  processes  for  the  high¬ 
speed  production  up  to  2,500  meter/minute.  By  combining 
this  UV  cure  polymer  coating  and  UV  decomposition 
technology,  UV  foaming  process  has  been  developed.1'5 
In  this  paper,  several  UV  curable  compositions  (EFIRON®) 
including  photo-reactive  oligomers,  monomers  and  photo¬ 
decomposition  reagents,  which  fit  for  use  in  UV  curing 
system  as  blowing  agent,  are  studied  for  ABF  application. 
This  new  development  coating  resin  (EFIRON®)  can  be  new 
material  for  polymer  sheath  to  make  lightweight  air  blown 
fiber  bundle. 


2.  Basic  principle 

2.1  Photodecomposition  &  Radical  Quenching 

Most  conventional  thermal  foaming  processes  can  utilize 
chemical  blowing  agents  (CBAs),  also  known  as  foaming 
agents.  CBAs  are  added  to  the  polymers  during  thermal 
processing  to  form  minute  gas  cells  throughout  the  film.  The 
gas  is  liberated  by  chemical  changes  in  the  CBA.  The  foamed 
cellular  structure  reduces  polymer  film  density,  saves  in 
materials  costs,  improves  thermal  insulating  properties  and 
increases  the  strength-to-weight  ratio.  The  liberation  of  gas 
when  heating  chemical  foaming  agents  occurs  through  series 
chemical  reactions  or  decompositions.  Different  chemical 
foaming  agents  have  different  decomposition  temperatures 
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depending  on  their  chemical  structures.  The  most  used  CBA 
for  medium  temperature  polymer  processing  (325-430  °F)  is 
azodicarbonamide.  The  some  of  blowing  agents  are 
decomposed  into  gaseous  products  when  subjected  to 
sufficient  conditions,  for  example  by  raising  temperature  or 
even  by  sufficient  photo  energy  radiation.  Generally,  materials 
which  have  functional  groups  such  as  photosensitive  or 
chromospheres  in  their  main  backbone  or  photo-resist 
reagent  in  their  compounds  can  be  reacted  and  de-composed 
by  photo-energy. 

-N=  N-,  -  CH=N-,  -CH=CH-,  -C=  C-,  -NH=NH-  -S-,  -NH-,  -0-, 
>C=0  are  typical  photo  sensitive  functional  groups,  which 
absorb  photo-energy  easily.  Therefore  molecules  including 
those  functional  groups  can  be  decomposed  by  photo-energy 
and  possibly  be  used  as  photo-induced  blowing  agents.  To  be 
used  as  a  blowing  agent,  the  molecule  should  be  easily 
decomposed  by  UV  radiation  and  generates  gas  like  nitrogen 
or  carbon  dioxide.  As  one  of  examples,  the  molecules  contain 
diazo  group,  which  absorb  strongly  UV  energy  around  200  - 
300nm  wavelength  range,  decompose  and  generate  nitrogen 
gas.  In  Figure  1,  the  chemical  reaction  route  illustrates  the 
generation  of  nitrogen  gas  by  azo-group  and  some  side- 
reactions.  5-7 
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Fig  1.  Azo  compound  decomposition  by  UV 
energy 


Nitrogen  gas  generation  synchronize  with  ultra  violet  cure  of 
polymer  compounds.  Therefore  the  gas  is  trapped  in  cured 
solid  coating  film  as  like  foam. 

Unfortunately,  azo  blowing  agents,  which  can  be  used  in 
photo-induced  foaming  application,  decompose  into  products, 
which  adversely  affect  the  photo-induced  polymerization.  For 
example,  the  decomposition  products,  especially  radicals, 
undesirably  react  with  monomers,  oligomers  and  even  with 
cured  polymers,  lowering  the  molecular  weight,  and  causing 
brittleness  in  the  final  cured  polymeric  film.  It  would  be 
desirable  to  have  azo  blowing  agents,  and/or  a  method  of  UV 


curable  foaming  compositions  wherein  the  agents  would  be 
versatile,  and  would  have  degradation  products  which  would 
not  react  with  the  final  polymeric  film.  This  kind  of  azo 
compound  can  be  prepared  by  various  known  methods  like 
reacting  a  diazonium  ion  with  an  organometallic  compound,  or 
contacting  an  isocynate-substituted  aromatic  compound  with  a 
tertiary  alkyl  primary  amine  compound;  and  then  oxidizing 
urea  compound. 

Photo-intensifiers  and  metal  complexes  behave  as  catalyst 
when  be  added  in  photosensitive  compounds.  Photo- 
intensifiers  contain  aromatic  ketone  groups,  for  example 
benzophenone,  acetophenone  and  acetoquinone  take 
hydrogen  molecules  from  photosensitive  compounds  and  help 
the  decomposition  process  by  lowering  decomposition  energy. 

2.2  UV  curing  system  and  formulation 

Radiation  Curing  is  the  technology  of  utilizing  short 
wavelength  ultraviolet  light  (UV),  or  high-energy  electrons 
from  electron  beam  (EB)  sources.  UV  curable  coatings  are 
formulated  using  selective  materials  that  react  to  UV  energy 
forms  to  yield  very  specific  performance  properties.  UV  cure 
process  causes  liquid  coating  to  change  into  solid  film 
virtually  instantly.  Curing  is  very  fast  and  cool  in  relative 
terms,  which  allows  applications  to  high-speed  production 
and  to  heat  sensitive  substrates.  Once  cross-linked  by  UV 

curing,  properly  cured  products  exhibit  both  highly  physical 

8  10 

and  chemical  resistant  properties.  ‘ 

A  radiation  curable  formulation  consists  of  the  flowing 
components; 

1.  Prepolymers,  urethane  based  oligomers 

2.  Reactive  diluents,  monomer  contain  acrylates 

3.  Additives  for  leveling  and  storage  stability 

4.  Photo-initiators  (PI)  for  UV  curing  process 

Obviously,  for  a  UV  curable  formulation,  it  is  necessary  for  a 
UV  photo-initiating  system  to  be  present.  This  applies  to  both 
free  radical  and  cationic  curable  systems.  1113  Much  of  the 
selection  of  a  photo  initiator  is  connected  with  its  effect  on 
cure  rate  and  degree  of  cure,  thus  frequent  reference  will  be 
made  to  the  assessment  cure.  Urethane  based  oligomers  and 
special  monomers  should  be  selected  to  overcome  the 
brittleness  due  to  the  azo  side  reaction  and  to  give  enough 
toughness  so  that  the  cured  film  protect  the  optical  fiber  from 
being  damaged  during  the  ABF  installation. 


3.  Experiment  and  Result 


The  same  amount  of  photoinitiator  (PI),  azo  blowing  agent 
and  metal  complex  catalyst  are  mixed  in  a  solvent  and  the 


International  Wire  &  Cable  Symposium 


99 


Proceedings  of  the  51st  IWCS 


mixture  is  tested  to  illustrate  the  effect  of  the  catalyst  to  UV 
absorption  of  PI  and  blowing  agent  (BA). 


Fig.2  UV  absorption  of  azo  compounds 

Figure  2  shows  the  ultra  violet  absorption  of  various  mixtures 
of  azo  compound,  photo  initiator  and  metal  complex  catalyst. 
The  total  area  under  the  graph  represents  the  total  absorption 
of  photo-energy.  The  mixture  of  photo-initiator  and  photo- 
induced  blowing  agent  shows  higher  absorbance  due  to  the 
absorption  of  the  blowing  agent.  The  addition  of  metal 
complex  catalyst  into  the  previous  mixture  even  enhances  the 
absorption  of  UV  energy.  By  implementing  this  UV-induced 
generation  of  gas  and  radical  system  into  the  UV  cure  coating 
formulation,  the  foam  like  film  can  be  achieved  by  the 
conventional  UV  curing  process 

To  find  out  the  effect  of  azo  compounds  as  blowing  agent  in 
UV  curing  compounds,  diacrylate  oligomers  (Mw  4,500  - 
5,000)  and  mono,  di,  multi  functional  acrylate  monomers  and 
photo-initiation  compounds  are  mixed  with  photo-induced 
blowing  agents  and  organometallic  catalyst.  The  urethane 
diacrylate  oligomers  included  polycarbonate  groups  are 
applied  to  these  experimental  compounds  to  increase  the 
toughness  and  hardness  of  the  cured  film.  Monomers  having 
low  acrylate  contents  are  selected  to  decrease  viscosity  of 
coating  solution  and  curing  shrinkage.  These  monomers 
enhance  the  flexibility  of  UV  cured  film.  Hydroxyl  alkylphenone 
type  photo-initiator  is  cooperated  for  D-bulb  curing  system. 

Various  UV  curable  coating  formulations  containing  different 
amount  of  photo-induced  blowing  system  are  prepared  as 
Table  1  below. 


Table  1.  UV  curable  formulation  (wt  %) 


A 

B 

C 

D 

Oligomer 

73.3 

72.8 

72.3 

71.8 

Monomer 

25 

Photoinitiator 

1.0 

Blowing  agent 

0.5 

1.0 

1.5 

2.0 

Catalyst 

0.2 

0.2 

0.2 

0.2 

Each  coating  materials  A/B/C/D,  as  shown  in  Table  1,  is 
cured  with  different  UV  power  conditions  from  300  mJ/cm2, 
100  mJ/cm2,  70  mJ/cm2  and  to  50  mJ/cm2.  For  UV  curing, 
Fusion  6001/VPS  model  equipped  with  D  600  Watt  bulb 
lamps  is  used  to  make  specimens  with  variation  of  UV 
radiation  power.  The  density  of  each  cured  film  is  measured 
to  analyze  the  effect  of  radiation  power  and  dose  of  the 
blowing  agent.  The  test  results  are  illustrated  in  Figure  3. 


Fig.  3  Density  of  film  with  four  different  UV  power 


The  density  of  the  cured  film  decreases  proportionally  with 
increasing  blowing  agent  content.  But  there  is  a  limitation 
showing  the  saturation  of  blowing  agent  effect.  The  higher 
power  level  of  radiation  enhances  the  activation  of  the 
blowing  agent  even  more,  but  there  is  also  saturation  point. 
This  result  implies  the  balance  of  doze  of  blowing  agent  and 
UV  power  level  is  critical  to  achieve  the  strong  UV  cured  film 
with  lower  density  and  good  toughness 

Figure  from  4.1  to  4.4  are  the  microscope  pictures  of  UV 
cured  film  surface  of  the  formulation  D  with  various  UV 
power  levels.  This  sequenced  pictures  shows  increasing  in 
number  of  bubbles  trapped  in  the  cured  film  when  the  UV 
power  level  is  increased. 
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Fig.  4.1  Standard  Film  without  the  blowing  agent 


Fig.  4.2  Sample  D  with  UV  dose  of  70  mJ/cm2 


Fig.  4.3  Sample  D  with  UV  dose  100  mJ/cm2 


Fig.  4.4  Sample  D  with  UV  dose  300mJ/cm2 


Figure  5.1  and  5.2  are  the  microscope  picture  of  the  cross 
sections  of  the  cured  film  without  the  blowing  agent  and  the 
cured  film  with  the  blowing  agent  at  300  mJ/cnr  power  level 
(Figure  4.4).  The  thickness  of  the  Figure  5.2  is  doubled 
compared  to  that  of  Figure  5.1.  This  increase  in  volume  due 
to  the  gas  trapped  in  the  film  lower  the  density  of  the  film  to 
half. 


Fig.  5.1  The  cross  section  of  film  (Fig  4.1) 


Fig.  5.2.  The  cross  section  of  Fig.  4.4 


Surface  friction  coefficient  of  the  UV  cured  foam  film  is 
measured  by  UTM  (Universal  Testing  Machine;  Instron).  The 
film  is  folded  and  500g  of  weight  is  loaded  over  the  folded  film; 
and  then  the  maximum  loading  is  measured  to  move  the 
upper  film.  Typically,  the  friction  coefficient  of  matrix  coating 
for  optical  fiber  bundle  is  in  the  range  of  0.6  -  1.0  kgf.  The 
friction  coefficient  of  the  UV  cured  form  film  with  300mJ/cm  is 
measured  to  be  0.2kgf,  which  is  lowered  by  1/3  ~  1/5 
compared  to  that  of  regular  UV  cured  film.  This  low  friction 
surface  created  by  the  UV  induced  bubbles  lower  the  tensile 
loading  of  optical  fiber  in  the  ABF  installation. 
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4.  Conclusion 


Author 


In  this  experiment,  with  implementation  of  UV  induced 
blowing  agent  system  into  conventional  UV  curable  optical 
fiber  coating,  the  low  density  and  low  friction  surface  film 
can  be  achieved  from  UV  cure  process.  The  density  of  foam 
film  is  proportional  to  blowing  reagent  content  and  ultra 
violet  energy  with  limitation  of  saturation  point.  Some  of 
formulations  show  the  decrease  of  density  by  40%  with  only 
lOOmJ/cm2  UV  power.  Typically,  UV  systems  in  fiber  bundle 
and  optical  fiber  coating  production  lines  are  operated  over 
the  400  mJ/cm2  power  level.  Under  these  conditions,  the 
density  of  foam  film  can  be  reached  easily  down  to  0.50 
g/cm  .  Therefore,  low-density  polymer  sheath  for  air  blown 
fiber  bundle  can  be  made  in  conventional  UV  curing  system 
of  optical  fiber  coating  industries  using  this  new  formulation. 
This  new  UV  curable  coating  material  trade-named  EFIRON® 
makes  it  possible  to  produce  ABF  optical  bundle  faster  and 
cheaper  than  conventional  thermal  process. 
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Abstract 

Maillefer  has  designed  and  developed  a  specialized  insulation  line 
for  the  processing  of  fine  wires.  It  is  the  solution  for  cable 
suppliers  who  are  willing  to  manufacture  small  diameter  but 
highly  expanded  wire  for  the  electronics  industry.  This  line  is  able 
to  process  materials  such  as  PE,  PP,  PVC,  FEP,  PFA.  It  is  a 
versatile  tool  that  has  all  the  characteristics  of  producing  high- 
level  cable.  The  success  of  this  project  is  due  in  part  to  the 
development  of  dedicated  components.  In  addition,  these 
components  were  integrated  with  a  constant  attention  to  line 
productivity.  This  development  has  resulted  in  an  original  and 
patented  Capacitance  /  Diameter  control  that  ensures  production 
reliability. 

Keywords 

Micro  wires,  extrusion  line,  Extrucell™,  highly  expanded 
insulation,  physical  foaming,  FEP  foam,  capacitance  /  diameter 
close  loop  control,  LAN  cat  6,  LAN  cat  7,  LAN  cat  8 

1.  Introduction 

Continual  size  reductions  of  consumer  electronic  devices  place 
pressure  on  cable  suppliers  to  decrease  wire  dimensions.  The 
reduced  constructions  are  challenging,  as  the  electrical 
performances  requested  do  not  follow  the  same  trend.  Higher  data 
transfer  is  needed  at  ever-higher  frequencies.  The  Bluetooth 
standard  is  a  good  example.  The  short  distance  “wireless” 
application  works  at  very  high  frequencies,  where  each  device  is 
wired  with  its  own  miniature  antenna. 

Nowadays,  applications  like  USB  rev  2.0  follow  a  standard,  which 
can  still  be  met  with  solid  insulation  wires.  In  the  future,  the  only 
way  to  reach  the  necessary  electrical  performances  while  keeping 
with  the  size  constraints  is  through  the  use  of  expanded  insulation. 
Cable  suppliers  generally  exceed  the  standard  minimums  by 
providing  cable  to  the  market  that  has  expanded  insulation.  In 
other  standards,  like  the  IEEE  1394  for  high-performance  serial 
bus  cable,  expanded  insulation  is  the  norm.  The  requested 
insulation  dielectric  is  so  low  that  high  expansion  is  a  must.  Going 
to  more  demanding  applications  we  find  the  field  of  measuring 
devices.  Miniaturization  and  performance  reach  their  heights  here 
through  the  combination  of  very  low  dielectric  material  (PFA, 
FEP,  etc.)  and  high  expansion  rates. 

To  enable  cable  manufacturers  to  meet  the  challenges,  Maillefer 
has  developed  an  insulation  line  for  fine  wires.  This  extrusion  line 
is  able  to  run  solid  or  stranded  conductors  down  to  0.2  mm.  This 
versatile  and  flexible  production  tool  processes  expanded  FEP, 
PE,  or  PP  insulation  with  high  productivity.  New  components 
were  designed  such  as  a  three  layer  crosshead  ECH  3/9  FEP  with 


manual  centering  for  fluoropolymers,  a  dedicated  nitrogen 
injection  system,  a  driven  preheater  and  a  low  tension  capstan. 
With  the  target  of  delivering  a  process  having  high  stability  and 
high  productivity,  our  process  specialists  have  created  an  original 
Capacitance  /  Diameter  control,  which  is  adapted  for 
fluoropolymers  and  tube  tooling.  The  patented  C/D  uses  the 
regulation  of  cone  length  to  reduce  the  start-up  time  and  scrap 
during  production. 

2.  Technical  specification  of  the  line 

The  production  of  fine  wires  is  challenging  and  pushes  the 
standard  extrusion  technology  to  its  limit.  In  order  to  propose  a 
versatile  solution,  we  designed  a  line  able  to  produce  fine  wires  as 
well  as  LAN  and  TEL  wire:  solid  and  stranded  conductor  wires 
from  0.2  mm  to  0.6  mm;  over  insulation  diameter  from  0.5  mm  to 
3  mm;  maximum  speed  of  1000  m/min.  To  realize  this  machine 
we  had  to  develop  and  improve  most  of  the  components.  When 
preparing  the  specification  of  this  new  insulation  line,  we 
identified  three  main  areas: 

1 .  Expanded  resin  processing 

2.  Wire  pulling 

3.  Productivity 

The  first  phase  consisted  in  melting  the  resin  and  dissolving  the 
nitrogen  as  homogeneously  as  possible.  The  challenge  for  the 
insulation  was  to  reach  high  expansion  with  limited  cell  size  and 
sufficient  mechanical  structure.  The  expansion  target  was  70% 
foaming  for  PE  and  FEP  with  an  average  cell  structure  below  20 
microns.  In  our  specification,  the  line  had  to  process  solid  PE,  PP, 
PVC,  FEP,  PFA  and  physically  expand  PE,  PP,  FEP  with  the 
possibility  of  extending  it  to  foamed  PFA. 

Of  course  this  development  could  not  be  done  without  calling 
upon  the  resin  suppliers  as  partners.  Sharing  our  goals  with  them, 
new  resins  were  developed  to  reach  the  demanding  target. 
Experimental  resins  were  supplied  and  tested  on  this  new  line 
before  being  proposed  to  the  market.  The  optimal  processing 
parameters  for  each  type  of  product  are  now  known,  which  results 
in  fast  production  start-ups. 

The  second  challenge  of  the  project  after  the  extrusion  process 
was  wire  pulling.  All  the  line  had  to  be  designed  to  maintain  the 
insulation  quality  furnished  by  the  extrusion  group:  concentricity, 
ovality,  skin  smoothness,  final  elongation,  and  adhesion.  The  in¬ 
line  tension  had  to  be  as  low  as  possible  and  stable  even  at  high 
speeds  to  maintain  productivity. 

For  a  high-tech  line,  productivity  is  finally  the  main  issue.  The 
line  had  to  be  able  to  work  without  a  process  specialist  needed  to 
fine  tune  and  constantly  modify  the  parameters.  The  process  had 
to  be  as  repetitive  and  stable  as  possible  to  avoid  longs  start-ups 
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and  scrap.  The  design  of  the  line  was  made  with  this  main  concern 
and  resulted  with  original  solutions  such  as  the  C/D  control  for 
FEP  foam. 


Wire  construction: 

conductor: 
overall  diam.  FEP: 
outer  skin  FEP: 
capacitance: 
expansion: 


0.26  mm 
0.92  mm 
60  microns 
65  pf/m 
58% 


Wire  quality: 

diameter  tolerance:  +-  1 5  microns 
capacitance  tolerance:  +- 1  pf/m 
cell  structure:  max  30  microns 
min  10  microns 
average  17  microns 
concentricity:  95% 


Figure  1 :  FEP  foam-skin  Micro  wire,  ID  0.26  mm  / 
OD  0.92  mm,  average  cell  size  17  microns 

3.  Line  description  and  new  components 


3.1  Extrusion  group 

The  optimal  size  for  the  main  extruder  was  a  compromise  between 
quality  and  productivity.  The  NMC  45-30D  F  extruder  was 
selected  due  to  its  versatility  and  its  outstanding  linearity. 
Equipped  with  a  bimetallic  barrel  and  two  screws  for  both 
fluoropolymers  and  standard  resins  (PE,  PP,  PVC)  it  is  capable  of 
high  output  for  solid  insulation  in  PE  and  FEP  and  high  stability  at 
low  speed  for  highly  expanded  FEP  and  PE.  The  optimal  position 
for  the  injection  point  for  nitrogen  was  calculated  and  then 
measured  for  each  process  thanks  too  a  special  barrel  with  extra 
injection  points  all  along  its  length.  The  key  parameter  for  the 
selection  of  the  injection  point  is  the  cell  size.  Two  injection 
points  separated  by  about  10  cm  were  selected  for  PE  and  FEP  for 
the  finest  cell  structure.  A  study  on  the  heating  /  cooling 
phenomenon  on  the  heating  zones  resulted  in  the  installation  of 
new  cooling  fans  having  a  reduced  cooling  effect  at  the  start-up  of 
the  fan  for  the  small  corrections.  If  the  fans  continue  to  run,  then 
the  cooling  efficiency  increases.  This  improved  linearity  between 
cooling  and  heating  beneficially  influences  the  stability  in 
temperature,  especially  when  working  within  the  limits  between 
cooling  and  heating. 


The  auxiliary  extruder  NMA  30-24D  F  was  chosen  to  apply  either 
PE  or  FEP  layers  using  one  of  two  dedicated  screws.  When 
producing  FEP  skin-foam-skin  wires,  the  flow  coming  from  the 
NMA  30-24D  F  is  divided  in  two  for  the  outer  and  the  inner  skin. 
On  the  other  hand,  the  inner  skin  extruder  NMA  20-24D  offered 
sufficient  output  to  apply  the  inner  skin  PE  for  the  skin-foam-skin 
configuration. 

Convinced  by  our  preliminary  study  that  the  inner  and  outer  layers 
were  bringing  added  value  for  the  productivity  and  the  stability  of 
the  process  for  the  FEP  foam,  the  specification  on  the  line 
included  the  development  of  a  three-layer  crosshead  (skin-foam- 
skin)  for  FEP  foam:  ECH  3/9  FEP. 


Figure  2:  ECH  3/9  FEP  head  for  FEP  skin-foam- 
skin  production 

Designed  and  assembled  by  Maillefer,  this  manual  centering  head 
has  the  flexibility  of  working  with  one  or  two  auxiliary  extruders 
for  the  inner  and  outer  layers.  The  head  separates  one  flow  into 
two  layers  when  working  with  an  individual  machine.  For  high- 
level  products,  two  auxiliary  extruders  can  be  used.  In  this  case, 
the  same  head  directly  channels  the  individual  layers  from  the  two 
separate  machines. 

The  anti-corrosive  Inconel  head  has  three  individual  heating 
zones: 

•  die  zone  where  the  die  holder  extends  from  the  body 

•  distributor  zone  for  the  inner  skin 

•  main  body  zone. 

A  special  wire  guide  system  is  built  into  the  vacuum  pump 
connection  for  precise  conductor  centering.  The  head  is  designed 
for  reduced  maintenance  and  quick  set-up  times.  It  can  be  easily 
assembled  and  dismantled  without  special  tools.  Its  asset  for  the 
production  of  fine  wires  is  the  reduced  volume  of  the  assembly. 
Measuring  less  than  1 12  mm  for  a  diameter  of  1 15  mm  its  limited 
temperature  inertia  reduces  the  transition-working  mode  at  the 
start-up  of  the  line. 
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A  number  of  innovations  have  resulted  from  the  improvement  of 
the  injection  group  system.  The  challenge  was  considerable: 
delivering  nitrogen  at  a  constant  and  stable  flow  of  less  than  1  1/h 
with  a  working  temperature  above  300°C  at  the  injection  point.  To 
reach  this  result  we  had  to  improve  the  resistance  to  the  external 
influences:  air  quality  (oil,  humidity)  and  pressure  stability, 
nitrogen  quality,  power  supply.  The  electro-valve,  filters  and  high- 
resolution  manometers  were  sized  to  provide  a  stable  and 
uninterrupted  supply  of  0.8  1/h  minimum.  These  innovations  were 
also  designed  as  a  kit  for  the  upgrade  of  existing  units. 

High  temperatures  and  low  outputs  required  special  attention  to 
injector  design.  The  nozzle  area  can  reach  more  than  200°C  when 
working  with  FEP.  Through  the  use  of  Maillefer’s  water-cooled 
injectors,  nozzle  temperatures  were  brought  down  to  an  ideal 
operating  temperature  of  less  than  40  °C.  Stable  outputs  and  long 
nozzle  life  were  thus  ensured.  Avoiding  dilation  prevented 
leakage  around  the  gem  and  mechanical  strains  on  the  nozzle. 
This  solution  was  technically  necessary  for  the  FEP  foam  process, 
but  promises  to  be  economically  interesting  for  the  lifetime  of  the 
injectors  supplied  for  the  PE. 

3.2  Wire  pulling 

The  main  difficulty  in  the  production  of  fine  wires  was  production 
start-up  and  tension  control.  All  the  components  had  to  be  able  to 
run  wires  with  a  constant  and  stable  tension  between  2  and  4  N. 
For  example,  the  selected  pay-off  was  equipped  with  a  high 
precision  pneumatic  dancer  remotely  controlled  by  the  line 
supervisor.  The  AC  motor  allowed  a  wider  range  of  speed  with  a 
guarantied  stability. 

To  keep  the  tension  constant  throughout  the  entire  process,  the 
specification  of  the  line  included  a  close  loop  control  with  load 
cell.  It  served  to  measure  the  tension  on  the  preheater  and  to 
regulate  the  capstan  motor.  For  this  application,  our  partner 
developed  a  totally  new  preheater.  It  was  able  to  control  the  inline 
tension  of  the  wire  while  reducing  the  heat  loss  of  the  0.2  mm 
wire  from  the  ceramic  pulleys  as  much  as  possible.  The  non- 
contact  temperature  measurement  was  placed  as  close  as  possible 
to  the  crosshead.  Heat  loss  due  to  low  wire  mass  was  minimized. 
An  optional  hot  air  preheater  was  included  in  the  design  to  avoid 
heat  loss  after  the  induction  preheater. 

Good  electric  insulators  are  generally  also  good  thermal 
insulators.  Because  of  the  volume  of  captive  nitrogen  cells  acting 
as  a  thermal  insulator,  the  highly  expanded  products  were  difficult 
to  cool.  With  an  expansion  of  70%  and  reduced  mechanical 
strength,  these  products  required  high  cooling  efficiency 
combined  with  gentle  handling.  The  cooling  line  was  configured 
to  enhance  cooling  efficiency  while  limiting  elongation  through 
wire  drag  in  the  cooling  trough.  An  original  combination  of 
immersion,  spray  and  V  plates  provided  the  optimal  solution.  The 
versatile  cooling  line  could  be  easily  modified  from  immersion  to 
spray  or  no  water-cooling  depending  on  the  process. 

At  production  start-up,  the  fine  wire  must  put  in  motion  all  the 
non-driven  pulleys  of  the  line  and  tolerate  transitory  tension 
unbalance.  In  order  to  facilitate  the  task  and  reduce  in-line 
elongation,  the  multipass-cooling  trough  was  modified  with  a 
second  motor.  As  usual,  a  3.8  Kw  Ac  motor  was  found  on  the 
master  capstan  equipped  with  a  drum.  At  the  other  extremity,  five 
multipass  pulleys  each  made  up  of  3  grooves,  rotated  on  a  driven 


shaft  with  ball  bearings.  The  shaft  was  driven  with  a  0.75  Kw  AC 
motor.  This  configuration  succeeded  in  combating  drag  and 
resulted  in  smooth  line  start-ups  with  the  benefit  of  low-tension 
during  production. 


Figure  3:  multipass  trough  OV  4-350  with  driven 
pulleys 

4.  Process  industrialization  with  a  new 
patented  C/D  control 

With  all  components  and  process  parameters  fine-tuned  to  the 
demanding  requirements,  our  attention  was  brought  upon  the 
widely  accepted  model  of  C/D  control. 

A  traditional  C/D  control  found  on  high-speed  insulation  lines  has 
three  control  loops.  Two  loops  control  capacitance  by  acting  on 
the  mobile  trough  position  and  the  flow  of  nitrogen  to  the 
extruder.  The  third  loop  controls  diameter  by  adjustments  on 
either  extruder  speed  or  line  speed.  These  three  control  loops  are 
interdependent.  The  closed  loop  system  takes  into  account  the 
modification  of  one  parameter  to  correct  another  as  outlined  in  the 
following: 

Standard  diameter  control: 

•  line  speed  or  extruder  speed 
Standard  capacitance  control: 

•  injection  pressure  of  the  nitrogen 

•  mobile  trough  position  for  fine  tuning. 

During  our  study  it  became  obvious  that  the  standard  C/D  model 
was  not  well  adapted  to  the  FEP  foam  process.  The  limitations 
were  shown  to  be: 

•  Mobile  trough  positioning  offered  too  small  a  window 
for  correcting  capacitance  (D4  pf/m  for  0%  to  50%  and 
not  effect  beyond) 

•  Slight  adjustments  of  injection  pressure  resulted  large 
capacitance  swings  and  long  delays 
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We  had  also  made  the  following  observations: 

•  Expanded  insulation  applied  with  tube  tooling  is 
sensitive  to  the  length  of  the  extrusion  cone 

•  Capacitance  and  diameter  are  modified  by  cone 
geometry 

•  At  a  given  temperature,  the  expansion  of  the  insulation 
is  dependent  on  the: 

injection  pressure 
cone  length 

position  of  the  mobile  trough 

A  new  development  for  C/D  regulation  of  FEP  foam  was  required. 
The  idea  was  to  take  into  account  the  use  of  tube  style  tooling  for 
the  production  of  expanded  insulation.  This  meant  linking 
expansion  variations  to  cone  length.  Cone  length  would  therefore 
become  a  new  process  parameter. 

New  diameter  control: 

•  line  speed  or  main  extruder  speed 

New  capacitance  control: 

•  cone  geometry 

•  mobile  trough  position. 


CAPACITANCE  Cl  NOMOS  PSU  Supervisor 


Figure  4:  new  C/D  control  for  expanded  layers 
applied  with  tube  tooling 

The  feasibility  of  the  new  C/D  control  was  demonstrated  through 
a  series  of  trials.  The  target  was  to  characterize  a  new  actuator  to 
determine  the  correction  window  -  capacitance  variation  versus 
cone  length  variation. 

The  work  done  shows  that  cone  length  control  influences 
capacitance  and  diameter  without  interfering  with  other  wire 
parameters.  If  the  system  is  used  within  defined  limits,  then 
parameters  such  as  ovality,  concentricity  and  adhesion  are  not 
altered  by  the  use  of  the  cone  length  control.  When  crossing  these 
limits  we  could  detect  an  effect  on  the  concentricity  and  on  the 
cell’s  structure.  The  average  cell  size  of  17  microns  for  an 
expansion  of  55%  is  doubled  when  exceeding  the  limit.  The 
concentricity  value  drops  radically.  With  the  help  of  these 
observations  on  the  quality  of  the  wire,  we  could  easily  define  the 
working  range  of  the  new  C/D  cone  control. 


From  this  sequence  of  trials,  a  model  was  built  to  extract  the  best 
working  conditions  for  the  new  C/D  control.  This  basis  allowed  us 
to  determine  the  critical  working  point  for  a  precise  process 
parameter.  Whether  the  priority  parameter  during  wire  production 
is  capacitance  stability  or  cell  structure,  the  optimal  cone  length 
shall  be  different. 

The  values  mentioned  above  were  the  maximum  correction 
variations  we  could  reach  without  altering  the  minimum  required 
quality  of  the  wire.  The  correction  window  of  16  pf/m  was  wide 
enough  to  limit  the  cone’s  length  variation  to  less  than  +-  10  mm. 
The  stability  of  the  NMC  45-30D  extruder  does  not  require  a 
correction  value  of  more  than  +-  5  pf/m.  An  adjustment  of  just  a 
few  millimeters  of  cone  length  was  sufficient  to  balance  a 
capacitance  variation  due  to  temperature  instability  or  a 
compound  batch  change.  The  correction  limit  was  fixed  in  order 
to  stay  within  the  predetermined  quality  border. 

The  large  variations  due  to  injection  pressure  in  the  extruder 
encouraged  us  to  eliminate  injection  pressure  from  the  new  C/D 
control.  The  cone  length  control  had  a  sufficient  effect  on  the 
capacitance  value  without  the  disadvantage  of  latency  time  from 
injection  pressure  variation.  When  using  injection  pressure 
variation,  the  delay  between  the  modification  of  the  set  point  and 
the  effect  on  the  wire  in  relation  to  the  extruder’s  speed  reached  3 
to  4  minutes.  Cone  length  control  had  an  immediate  effect  on  the 
actual  value  of  the  capacitance.  If  a  deviation  was  detected  the 
algorithm  immediately  corrected  the  set-point  value. 

This  patented  C/D  control  has  been  tested  mainly  with  FEP  resin. 
However,  the  concept  is  not  limited  to  fluoropolymers.  We  expect 
its  use  with  most  expanded  layers  that  require  tube  tooling. 

The  new  C/D  control  using  cone  length  equips  all  our 
fluoropolymer  insulation  lines  having  the  Extrucell™  process  for 
high-pressure  nitrogen  injection.  Maillefer  currently  has  a  patent 
pending  for  this  new  C/D  concept,  which  applies  to  tube  tooling 
extrusion  in  general.  The  reliability  and  the  stability  of 
capacitance  are  radically  improved  without  altering  other  quality 
parameters. 

Equipped  with  the  new  C/D  control,  the  FEP  foam  process  has 
come  of  age  for  mass  production.  Scrap  reduction  and  tighter 
tolerances  resulting  from  the  robust  and  fine  C/D  control  improves 
the  productivity  of  insulation  lines.  Each  minute  of  production 
saved  increases  manufacturer  competitiveness.  Having  a  properly 
adapted  C/D  control  that  responds  quickly  means  faster  start-ups 
to  within  tolerance  and  reduced  risks  of  generating  scrap  during 
production  runs. 

5.  Technological  transfer  for  the  LAN 
cable  CAT  6  and  CAT  7  production 

The  development  project  for  the  production  of  micro  wire  resulted 
in  new  components  and  process  improvements  listed  in  the 
previous  pages.  However,  these  innovations  were  not  limited  to 
the  production  of  fine  wires.  They  are  now  being  benchmarked  to 
other  areas  such  as  LAN  cable.  The  main  benefits  found  are  the 
stability  of  the  FEP  foam  process  with  the  new  C/D  control;  plus 
the  improved  cell  structure  of  PE  and  FEP  insulation  gained 
through  process  fine-tuning  and  new  components.  One  concern, 
the  sufficient  mechanical  strength  of  the  insulation,  is  not  lost  at 
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the  price  of  higher  expansion  rates  and  a  lower  dielectric  constant. 
The  expanded  wire  is  prepared  to  face  the  next  process  steps  - 
pairing  and  assembly.  The  resulting  cables  achieve  performances 
going  up  to  category  8  LAN  tested  at  1.2  GHz. 


Wire  construction: 

conductor: 
overall  diameter : 
inner  skin  PE: 
outer  skin  PE: 
capacitance: 
expansion: 


0.568  mm 
PE:  1.35  mm 
15  microns 
60  microns 
92  pf/m 
70% 


Wire  quality: 

diameter  tolerance:  +- 10  microns 
capacitance  tolerance:  +- 1  pf/m 
cell  structure:  max  60  microns 
min  10  microns 
average  30  microns 
concentricity:  95% 


Figure  5:  SSTP  LAN  cable  in  PE  expansion  of  70% 


6.  Conclusion 

The  optimized  process  has  resulted  in  high-level  performances. 
Expansion  rates  of  up  to  70%  were  reached  on  AWG  32 
conductors  with  a  PE  skin-foam-skin  construction.  A  FEP  foam- 
skin  construction  reached  58%  expansion  for  AWG  27  conductor. 
That  level  of  expansion  has  required  an  optimization  of  the  cell’s 
structure  to  maintain  sufficient  mechanical  strength.  An  involved 
study  was  undertaken  on  cell  growth  versus  various  control 
parameters.  As  a  result,  a  sample  with  an  average  cell  structure  of 
17  microns  was  produced  under  industrial  conditions,  where  the 
minimum  cell  measured  10  microns  and  the  maximum  25 
microns. 

The  results  from  process  fine-tuning  and  the  design  of  new  high- 
quality  components  have  exceeded  expectations.  Not  only  have 
the  innovations  of  high  expansion  rates,  low  pulling  tensions  and 
high  quality  productivity  been  incorporated  into  a  specific  micro¬ 
wire  line  package,  but  they  are  being  introduced  across  a  series  of 
LAN  cable  lines.  Making  fine  micro-wire  has  also  benefited 
developments  within  the  area  of  Cat  8  LAN  cable. 


have  the  means  for  moving  the  highly  expanded  small  diameter 
wires  from  the  design  desk  into  a  competitive  manufacturing 
environment. 
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These  capabilities  have  opened  new  processing  windows  for  cable 
designers.  The  innovative  tools,  which  include  cool  low-flow  gas 
injection,  low-tension  dual  driven  capstan  and  a  reliable  C/D 
regulation  using  cone  length,  are  all  available  now.  Cable  makers 
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Abstract 

The  current  technical  trends  for  engine  room  wire  harness  require 
wires  having  high  heat  resistance  and  reduced  wall  thickness.  These 
wires  must  posses  excellent  physical  abuse  characteristics,  chemical 
resistance  and  hydrolysis  resistance,  and  good  flexibility.  Judd  Wire 
Inc.  and  the  New  Chemistry  Research  Department  of  Sumitomo 
Electric  Industries,  Ltd.  have  jointly  developed  two  new  and  unique 
crosslinkable  polyester  elastomers  to  successfully  meet  the  above 
tough  requirements.  One  material  is  designed  for  use  as  an 
insulation  system  for  thin  wall  automotive  applications  or  as  a 
jacketing  material  for  heat  resistant  multi-conductor  cables,  and 
another  has  been  developed  as  an  insulation  system  for  ultra  thin 
wall  wiring  systems.  Both  of  these  materials  exhibit  excellent 
mechanical  properties,  very  high  heat  resistance  and  chemical 
resistance.  They  are  both  crosslinkable  and  very  flexible.  During 
this  product  development,  new  hot  water  resistance  and  flexibility 
testing  facilities  and/or  procedures  were  developed. 

Keywords 

Polyester,  thermoset  elastomer,  ultra  thin  wall,  cross-link,  hot  plate 
test,  heat  aging,  hydrolysis,  flexibility. 

1.  Introduction 

Insulation  materials  used  in  engine  harness  wiring  in  automotive 
applications  must  utilize  polymers  excellent  in  certain  key  criteria. 
These  include  flexibility,  physical  abuse  characteristics,  such  as  cut 
through  resistance  and  abrasion  resistance,  hot  water  resistance,  heat 
resistance  and  flame  retardancy.  These  characteristics  are  necessary 
from  three  standpoints:  engine  harness  design,  harness 
manufacturing  and  end-use  application. 

The  engine  harness  designer  has  faced  an  increased  challenge  as  the 
amount  of  electronics  devices  and  sensors  has  increased. 
Meanwhile,  the  space  in  the  engine  compartment  and  instrument 
panel  has  decreased  over  the  past  several  years  as  new  car  designs 
have  increased  the  passenger  volume  and  storage  compartments. 
Electronics  technology  and  consumer  demand  has  made  many 
electronic  features  common  in  today’s  automobiles.  The  reduced 


space  in  the  engine  compartment  has  resulted  in  increased 
temperatures  in  this  area  of  the  vehicle.  A  continuous  use 
temperature  of  150°C  is  common  in  the  engine  compartment. 
Further,  the  increase  use  of  electronics  and  decreased  engine 
compartment  size  has  led  to  the  demand  of  high  temperature  wires 
having  ultra  thin  wall  thicknesses  such  as  0.25  mm  or  0.20  mm  wall 
thickness. 

Since  many  wires  are  typically  bundled  together  in  a  harness, 
engine  wiring  must  be  flexible  in  order  to  route  the  harness  in  place 
on  the  vehicle.  The  automotive  industry  does  not  have  a  standard 
method  to  measure  and  quantify  flexibility  of  insulated  wires.  In 
addition  to  flexibility,  the  wire  may  be  exposed  to  physical  abuse 
such  as  cut-through  or  scrape  abrasions  during  the  harness 
manufacture  processes  and  installation.  Therefore,  toughness  of  the 
insulation  material  is  critical  especially  for  an  ultra  thin  wall 
insulation.  Key  criteria  are  measured  by  pinch  resistance  or  by 
sandpaper  (and  scrape)  abrasion  resistance.  Pinch  resistance  is 
specified  by  SAE  and  is  conducted  by  determining  the  load  to 
failure  when  placing  the  insulated  wire  between  an  anvil  and  a 
mandrel  and  then  subjecting  the  insulated  wire  to  a  load  rate  of  2.3 
kg/minute.  Sandpaper  abrasion  is  specified  in  SAE  specifications 
and  the  insulated  wire  is  subjected  to  sandpaper  of  a  specified  grit 
moving  at  a  specified  rate  while  under  load  and  the  length  of 
sandpaper  necessary  to  abrade  the  insulation  is  recorded.  Scrape 
abrasion  (specified  in  ISO  6722)  is  similar  except  the  wire  is 
subjected  to  a  moving  needle  or  blade  under  load. 

Heat  resistance,  flame  retardancy  and  hot  water  resistance  are  the 
three  criteria  that  are  most  critical  in  the  end  use  application  of  the 
wire.  Heat  resistance  is  determined  by  performing  the  3000  hour 
aging  test  at  the  rated  temperature.  For  example,  if  the  continuous 
temperature  rating  is  150°C,  then  the  insulated  wire  sample  is 
exposed  to  150°C  for  3000  hours.  The  wire  is  then  subjected  to  a 
mandrel  wrap  followed  by  a  wet  dielectric  test.  No  cracking  or 
dielectric  failure  is  allowed.  Flame  retardancy  is  another  key 
criteria  for  engine  harness  wire.  The  test  consists  of  fixing  the 
insulated  cable  at  a  45°  angle,  holding  a  flame  perpendicular  to  the 
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wire  for  15  seconds  and  then  removing  the  flame.  The  flame  must 
then  extinguish  within  70  seconds  and  a  minimum  of  50  mm  of 
insulation  must  remain  at  the  top  of  the  sample  once  the  flame  has 
extinguished.  The  hot  water  test  is  performed  to  determine  the 
insulation  materials  ability  to  resist  hydrolysis  or  electrochemical 
degradation.  The  insulated  wire  is  subjected  to  a  salt  water  bath 
containing  10  g/L  of  NaCl  in  water  at  85°C.  The  wire  is  wrapped 
around  a  mandrel  having  a  specified  diameter  and  then  placed  in  the 
water  bath.  A  copper  electrode  is  placed  in  the  bath.  A  48  V  DC 
power  source  is  then  connected  to  the  wire  sample  and  the  electrode. 
Two  samples  are  tested.  One  sample  is  tested  with  the  positive  lead 
to  the  electrode  and  another  sample  is  tested  with  the  positive  lead 
to  the  conductor  of  the  wire  sample.  The  power  source  is  removed 
every  7  days  and  the  insulation  resistance  is  measured.  The 
insulation  volume  resistivity  (calculated  from  this  measurement) 
shall  not  be  less  than  109  ohm-mm.  This  procedure  is  repeated  for  a 
total  of  five  cycles,  35  days.  A  visual  inspection  of  the  sample  is 
made  after  this  exposure  and  no  cracks  in  the  insulation  are  allowed. 
Finally,  a  wet  dielectric  test  is  performed  on  the  sample. 

Thermoplastic  elastomers  are  excellent  candidates  as  a  class  of 
materials  possessing  desirable  characteristics  to  meet  the  design, 
process  and  end-use  characteristics  outlined  above.  These  materials 
offer  the  ability  to  be  produced  in  ultra  thin  walls,  excellent  abrasion 
and  cut-through  resistance  and  when  properly  designed,  outstanding 
heat  age  and  hot  water  resistance,  and  a  very  attractive  cost- 
performance  balance.  As  a  subset  of  this  class  of  materials, 
polyester  elastomers  are  most  attractive  polymers  because  they  are 
excellent  not  only  in  flexibility  but  also  in  abrasion  resistance  and 
thermal  aging  resistance.  These  materials  can  be  modified  through 
the  addition  of  special  additives  and  are  crosslinkable  by  electron 
beam  irradiation,  both  of  which  improve  their  wet  electrical 
properties  and  their  ability  to  comfortably  and  consistently  meet  the 
stringent  hot  water  resistance  tests. 

Polyester  elastomers  are  block  copolymers  comprising  a  crystalline 
hard  segment  such  as  poly(butylene  terephthalate),  made  up  of 
repeating  units  derived  from  terephthalic  acid  and  1,4-butanediol, 
and  a  and  a  non-crystalline  soft  segment  derived  from  polyether 
glycol  or  e-caprolactone.  The  flexibility  of  these  polymers  can  be 
tailored  by  varying  the  ratio  of  the  hard  to  soft  segments  and  the 
crystallinity  of  the  hard  segment.  ^ 

Judd  Wire  Inc.  and  the  New  Chemistry  Research  Department  of 
Sumitomo  Electric  Industries,  Ltd.  have  jointly  developed  two  novel 
modified  crosslinkable  polyester  elastomers  to  meet  the  above  tough 
requirements  successfully.  One  material  is  designed  as  an  insulation 
system  for  thin  wall  automotive  applications  or  as  a  jacketing 
material  for  heat  resistant  multi-conductor  cables,  and  another  has 
been  developed  as  an  insulation  system  for  ultra  thin  wall  wiring 
systems.  While  both  materials  exhibit  excellent  flexibility,  the 
former  material  is  designed  to  be  more  flexible  than  the  latter.  Both 
of  these  materials  exhibit  excellent  mechanical  properties,  very  high 
heat  resistance  (above  150°C  continuous  operating  temperature),  hot 


water  resistance  and  chemical  resistance,  and  are  crosslinkable  and 
very  flexible. 


2.  Materials  Development 

2.1  Hot  Water  Resistance 

As  previously  mentioned,  polyester  elastomers  have  many  excellent 
physical  properties.  However,  the  polymer  architecture  must  be 
carefully  designed  in  order  for  the  polymer  to  resist  hydrolysis.  If 
the  polymer  itself  is  improperly  designed  and/or  formulated,  these 
materials  may  be  susceptible  to  hydrolysis  if  exposed  to  hot  and 
humid  environments.  Simply  stated,  hydrolysis  is  de¬ 
polymerization  of  the  base  resin.  Since  polyesters  are  condensation 
polymers,  meaning  that  water  is  a  by-product  of  the  polymerization 
reaction,  their  molecular  weight  may  significantly  drop  in  the 
presence  of  heat  and  water.  The  performance  of  polyester 
elastomers  in  this  regard  varies  greatly  depending  on  the 
composition  of  the  soft  segment  and  the  hard  to  soft  segment  ratio. 
Typically,  the  hydrolysis  resistance  of  polyester  elastomers  for  wire 
insulation  and  cable  jackets  for  use  in  automotive  applications  are 
further  improved  from  their  base  resins  by  properly  formulating 
stabilizers)  into  the  base  resins  therefore  greatly  improving  their 
hydrolysis  resistance. 

2.1.1  Hot  Water  Resistance  Test  Facility 
Development/  Improvement 

In  automotive  industry,  insulated  wire  must  meet  the  Hot  Water 
Resistance  Test  (per  Specification  J1128  or  J1678).  This  test  is 
designed  to  determine  the  ability  of  the  insulation  to  withstand  a 
very  corrosive  environment  and  to  determine  the  hydrolysis 
resistance  of  the  material.  This  test  method  was  utilized  during  the 
development  of  these  new  polyester  elastomer  materials.  So  far,  a 
testing  facility  to  perform  this  test  is  not  commercially  available.  Per 
the  specifications,  this  test  takes  up  to  takes  35  days  to  complete;  to 
speed  up  our  research,  it  was  necessary  to  develop  the  a  facility  in 
which  multiple  specimens  could  be  tested  concurrently  while  still 
keeping  accurate  results. 

A  hot  water  resistance  test  facility  was  setup  to  test  multiple 
specimens,  which  greatly  expanded  our  testing  capacity.  The 
assembly  was  designed  utilizing  a  parallel  connection  for  the  test 
specimens.  Independent  timers  were  employed  to  accurately 
record  individual  specimens’  performance. 
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fnauhtton  Volume  ResietMty  (ohm/mm) 


2.1.2  Hot  Water  Resistance  Tests 

(1)  Effect  of  test  power  polarity  on  hot  water  resistance  results: 
Per  the  test  procedures,  there  are  two  test  polarity 
requirements:  one  is  positive  to  the  electrode  (negative  to 
wire  sample),  and  another,  negative  to  electrode  (positive  to 
wire  sample);  both  tests  are  required.  Both  polarities  were 
tested. 

(2)  Hot  water  resistance  screen  tests:  We  made  insulated  wires 
using  our  compound  candidates  and  then  tested  their  hot 
water  resistance  per  J 1 1 28/J 1 678  using  our  new  test  facility. 

(3)  Improved  hot  water  resistance:  Formulation  K69-1  was 
altered  to  create  K69-2  by  modifying  the  hydrolysis  stablizer 
package,  then  its  hot  water  resistance  was  tested.  The  wire 
construction  for  both  K69-1  and  K69-2  was  0.35mm2 
conductor  with  a  0.2mm  nominal  wall  thickness. 


2.1.3  Results  and  Discussion 

(1)  With  the  new  test  facility,  the  effect  of  test  DC  power 
polarity  on  hot  water  resistance  test  results  is  shown  in 


Figure  la.  Hot  Water  Resistance  -  Positive 
to  the  Wire  Sample 
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Figure  1b.  Hot  Water  Resistance  -  Positive 
to  the  Electrode 

Figures  la  and  lb.  In  this  experiment,  it  was  determined 
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— 
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“**-#4  605509 

10*8  ohm/mm  tor  35  days 

-*-#5  605509 

-•-#8  605510 

L- . 1 

“*-#7  605510 

that  all  of  the  tested  specimens  could  last  much  longer  in  the 
hot  water  test  when  positive  polarity  was  to  the  wire, 
compared  to  the  ones  with  positive  to  the  electrode.  It  is 
clear  that  positive  to  electrode  is  a  much  tougher  test 
procedure  for  our  polyester  materials.  In  other  words,  as 
long  as  our  polyesters  could  pass  the  tests  with  positive  to 
electrode,  they  would  well  pass  the  resistance  requirement 
with  positive  to  the  wire. 

(2)  Hot  water  resistance  screening:  Two  new  compounds,  X14 
and  K69-1  were  effectively  screened  out.  Their  hot  water 
resistance  curves  are  shown  Figure  2  and  Figure  3, 
respectively.  Obviously,  both  of  them  are  well  above  the 
specification  requirements.  K69-1  performed  slightly  better 
than  X-14  due  to  differences  between  these  two  insulations’ 
base  resins  and/or  formulations  which  were  deliberately 
differentiated  for  different  potential  applications.  The 
difference  between  the  time  that  each  material  lasted  in  the 


Days 


Figure  2.  Hot  Water  Resistance  Positive  to 
the  Electrode  -  X-14 


Figure  3.  Hot  Water  Resistance  Positive  to 
the  Electrode  -  K69-1  vs.  K69-2 


test  before  experiencing  a  failure  is  believed  to  be  due  to  the 
influence  of  the  wall  thickness.  The  X14  sample  had  a  wall 
thickness  of  0.4  mm  and  the  K69-1  sample  had  a  wall 
thickness  of  0.2  mm. 
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(3)  Figure  3  shows  the  hot  water  resistance  improvement  from 
K69-1  to  K69-2  through  our  formulation  change 
(modification  of  stabilizer  package).  This  demonstrates  that 
K69  type  polyester  was  further  improved  to  increase  its 
hydrolysis  resistance  per  final  application  requirements. 


2.2  Wire  Insulation  and  Bundle  Flexibility 

There  is  a  popular  flexibility  test  method  for  aerospace  wires  and 
cables  per  BSS7324.  Its  procedure  I  is  for  single  wires,  combining 
conductors  and  insulations,  while  the  procedure  II  is  specifically 
designed  as  a  wire  shop  evaluation  test  (to  inspect  the 
deformation  of  jacket  layer  when  using  wires  to  make  cables  in 
the  shop).  There  is  also  a  “Fish-Scale”  flexibility  test  used  in  the 
automotive  industry.  The  “Fish-Scale”  method  involves  tying  a 
bundle  of  wires  of  a  specified  length  together,  placing  them  on 
two  mandrels  separated  by  a  specified  distance,  and  then 
measuring  the  force  required  to  deflect  the  center  of  the  wire 
bundle  through  the  mandrels  at  a  specified  distance.  This  method 
is  repeated  using  bundles  of  various  wire  counts.  The  data 
generated  using  this  technique  is  utilized  to  precisely  route  the 
wire  harness  within  a  vehicle  such  that  there  is  minimum 
movement  of  the  harness  in  the  vehicle.  The  BSS7324 
procedures  are  designed  for  aerospace,  and  “fish-scale”  method  is 
a  manual  test  where  the  results  are  not  automatically  recorded. 
For  characterizing  our  very  flexible  polyester  insulations  due  to 
their  base  resins  intrinsic  properties,  formulations  and  processes, 
effective  methods  were  selected,  developed  and/or  modified  to 
demonstrate  the  flexibility  of  both  the  crosslinked  insulation  itself 
and  bundles  of  insulated  wire  samples. 


2.2.1  Wire  Insulation  Flexibility:  Stress-Strain 
Curve  (DMA  Method) 

Stress-strain  curves  are  common  in  materials  engineering. 
Therefore,  we  employed  this  method  to  determine  the  intrinsic 
flexibility  of  K69-2  and  X-14  polyester  elastomers  themselves.  In 
other  words,  this  is  a  measure  of  the  flexibility  of  the  material 
itself  without  the  influence  of  conductors  and  the  data  are 
normalized  to  eliminate  the  effect  of  wall  thickness.  We  selected  a 
dynamic  mechanical  analyzer  (DMA)  since  it  produces  a  precise 
stress-strain  relationship  and  a  high  resolution  for  tested  materials. 

Experiment: 

Equipment:  Dynamic  Mechanical  Analyzer,  Model:  DMA  2980 
Samples:  Stripped  (tublar-shaped)  wire  insulations;  wall 
thcknesses:  0.4  mm  for  X14, 0.2  mm  for  K69-2  and  0.25  mm  for  a 
commercial  product. 

Test  Temperature:  Room  temperature  (25  °C) 

2.2.2  Wire/Cable  Bundle  Flexibility:  Bundle 
Flexibility  Test  Method 

In  automotive  harness  applications,  wires  are  very  often  used  in 
bundles,  instead  of  single  wires.  To  simulate  these  situations,  we 
decided  to  test  bundles  of  finished  wire  to  determine  their 


flexibility.  A  simple  (user-friendly),  meaningful  and  automated 
recording  method  was  developed.  An  attachment  was  made  for  an 
Instron  (a  microprocessor  controlled  universal  mechanical  tester) 
that  partially  takes  the  idea  from  “Fish-Scale”  method.  This 
assembly  is  shown  in  Figures  4  and  5.  In  this  assembly,  two 
mandrels  with  3/4  inch  (19  mm)  diameter  and  a  distance  (center-to- 
center)  of  4  inches  (100  mm)  were  attached  to  a  plate  that  was 
fixed  to  bottom  of  the  Instron.  The  test  bundle  is  held  against  and 
forced  through  these  mandrels  by  a  hook.  The  hook  was  attached 
to  the  upper  jaw  of  the  Instron  and  was  placed  at  the  center  of  the 
bundle.  The  test  is  conducted  by  starting  the  Instron,  which 
automatically  pulls  the  bundle  upward  bending  the  bundle.  The 
Instron  automatically  records  the  pull  force  versus  distance  as  the 
bundle  moves  through  the  mandrels.  The  maximum  pull  force  is 
obtained  from  these  results.  Obviously,  the  stiffer  a  bundle  is,  a 
higher  maximum  pull  force  is  obtained. 

Since  this  method  is  to  test  a  bundle,  individual  wire  size, 
conductor,  wall  thickness  and  wire  number  involved  in  the 
bundle,  will  all  affect  the  results. 

Experiment: 

Equipment:  Instron  (Model:  4467)  with  attachment  (see  Figure  5) 


4  inches 


Figure  4.  Schematic  Diagram  of  Bundle  Flexibility  Test 


Figure  5.  Picture  of  Bundle  Flexibility  Test  Setup 
on  Instron 


Samples:  XI 4  and  K69-2  insulated  wires  and  a  comparative 
product 

Wire  Bundles:  3,  7  and  19  wires,  respectively,  all  25mm  long 
with  0.5  mm2  7/0.3 1 6  conductor  having  a  0.25  mm  wall  thickness 
Instron  Pull  Rate:  2  inch  (50mm)  /minute 
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2.2.3  Results  and  Discussion 

(1)  The  wire  insulation  stress-strain  curves  (DMA  method)  are 
shown  in  Figure  6.  These  curves  clearly  indicate  that  the 
insulation  of  the  comparative  product  is  very  stiff,  K69-2  is 
more  flexible  and  X14  is  most  flexible.  Stress-strain 
relationships  eliminate,  in  theory,  the  wall  thickness  effects 
on  the  results.  Therefore,  we  may  directly  compare  the 
flexibility  of  different  materials  even  if  they  have  different 
wall  thicknesses.  There  is  no  quantitative  specification 
requirement  for  flexibility  in  the  automotive  industry  even 
though  wire  users  typically  express  a  desire  for  wire 
flexibility.  K69-2  and  X-14  may  well  meet  this  requirement. 


Figure  6.  Stress  -  Strain 
Curve  @  25°C 


(2)  The  wire  bundle  flexibility  test  results  are  summarized  in 
Figure  7.  From  the  curves  in  Figure  7  it  is  observed: 

(a)  X14  or  K69-2  is  much  more  flexible  than  the  current 
comparative  product,  though  all  of  these  three  wires 
have  exactly  the  same  constructions. 

(b)  The  force  required  to  bend  a  bundle  is  not  linear  with 
respect  to  the  bundle  size.  Up  to  a  19-wire  bundle  was 
tested.  If  bundles  contain  more  wires,  the  difference 
between  the  maximum  (pull)  forces  required  to  bend  the 
comparative  and  Judd  products  will  be  further 
increased.  In  other  words,  when  a  bundle  contains  more 
wires,  like  a  big  harness,  Judd  products  may  bring  more 
benefit  for  harness  installation  through  their  flexibility. 

(c)  An  interesting  phenomenon  is  that  K69-2  insulated  wire 
has  slightly  better  bundle  flexibility  than  X14,  which 
has  better  intrinsic  material  flexibility.  This  may  be 
caused  by  the  difference  in  these  materials  surface 
texture  and  hardness. 

(1)  The  flexibility  of  Judd’s  polyester  wire  samples  were 
compared  with  Judd’sl50°C  crosslinked  polyethylene 
(XLPE),  all  having  a  nominal  wall  thickness  of  0.4  mm;  the 


result  is  shown  in  Figure  8.Unexpectedly,  it  was  found  that 
the  polyester  material  is  much  more  flexible  than  XLPE. 


MwdWfcy  Comptfteon  •  9J&  tqmm  t  It  ml  wal 


Figure  7.  Results  of  Bundle  Flexibility - 
Comparison  of  Polyester  Materials  Test 


Flexibility  Comparison  -  0.35  sqmm !  18  mil  wall 


Figure  8.  Results  of  Bundle  Flexibility 
Test  -  Polyester  versus  150°C  XLPE 


2.3  Heat  Resistance 

The  heat  resistance  of  insulated  wires  and  jacketed  cables  is  so 
important  since  every  automotive  wire  or  cable  has  a  temperature 
requirement  or  continuous  temperature  rating  per  industry  and 
application  specifications.  The  demand  for  higher  temperature  wire 
and  cable  applications  in  the  automotive  industry  has  increased  in 
the  last  decade.  K69-2  and  X-14  polyester  elastomers  were 
optimized  through  polymer  chemistry  and  formulation  to  posses 
excellent  heat  (aging)  resistance. 
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2.3.1  Heat  Resistance  Tests/Experiments 

The  following  tests  were  completed  to  determine  the  heat 
resistance  of  K69-2  and  X-14: 

(1)  Long  Term  Aging:  XI 4  and  K69-2  were  tested  per 
Specification  SAE  J1678  at  1 50°C  for  3,000  hours. 

(2)  Short  Term  Aging:  X14  and  K69-2  were  tested  per 
Specification  SAE  J1678  at  1 75°C  and  200°C  for  240  hours. 

(3)  The  tensile  strength  and  elongation  (T&E)  retention  were 
tested  at  high  temperatures. 

2.3.2  Results  and  Discussion 

The  results  of  the  long  term  and  short  term  aging  tests  are  shown 
in  Table  1. 


Table  1.  Results  of  Aging  Tests  per  J1678 


Long  Term 
Aging 
(3000 
hours) 

Short  Term  Aging 
(240  hours) 

Insulation 

Construction 

150  C 

175  C 

200  C 

X14 

.35mm2/.4mm 

3  of  3  Pass 

n/a 

3  of  3  Pass 

X14 

.35mm2/.4mm 

3  of  3  Pass 

3  of  3  Pass 

3  of  3  Pass 

K69-2 

.35mm2/.2mm 

3  of  3  Pass 

3  of  3  Pass 

3  of  3  Pass 

K69-2 

.5mm2/.2mm 

3  of  3  Pass 

n/a 

3  of  3  Pass 

indicate  the  likelihood  that  these  materials  are  capable 
of  qualifying  at  a  continuos  temperature  rating  much 
higher  than  150°C  rating. 

(c)  Some  data  show  higher  than  original  tensile  and 
elongation  results  were  obtained  after  short  term  heat 
aging,  this  phenomenon  is  demonstrates  that  these 
materials  are  very  heat  resistant,  and 

(d )  K69-2  has  a  better  retention  than  X- 1 4  at  2 1 0°C. 

2.4  Crosslinking  Proof 

Crosslinking  of  polymers  sets  up  chemical  links  between  their 
long  molecular  chains  so  as  to  form  a  three-dimensional  network. 
Therefore,  crosslinking  significantly  changes  a  polymer’s 
thermal,  chemical  and  physical  properties.  There  are  two  types  of 
crosslinking:  chemical  and  irradiation.  Judd  employs  electron 
beam  irradiation  for  crosslinking.  In  the  case  of  insulation 
materials  for  wire  and  cable,  the  beneficial  results  of  irradiation 
crosslinking  are:  improved  mechanical  properties  (such  as  tensile 
strength,  cut-through  resistance,  pinch  resistance,  abrasion 
resistance),  chemical  resistance,  and  heat  resistance.  Crosslinking 
is  a  very  important  and  efficient  method  to  improve  materials 
properties. 

Though  crosslinking  may  bring  many  benefits  for  materials 
performance,  not  all  materials  are  crosslinkable.  Some  materials 
are  even  degraded  by  the  irradiation  process,  which  greatly 
reduces  their  performance.  Judd/SEI  polyester  elastomers  are 
designed  to  be  crosslinkable  through  their  chemical  structures  and 
formulations. 


Table  2.  Results  of  X14  and  K692  Hi-T  T&E  Retention 


mzm 

Construction 

180  C 

210  C 

- "1 

|  168  hr  | 

168  hr 

LJ® 

hr 

168  hr 

184 

hr  | 

■a 

m 

la 

m 

EMI 

■D 

mim 

EMI 

■a 

EMI 

[cm 

mi 

ra 

mi 

im 

K31 

KS231 

mi 

1^1 

KM 

KEffl 

ream 

fcjjjii 

rail 

ggD 

rail 

.8mm2/.4mm 

KES1 

Baa 

Kiaa 

KiM 

Esa 

rata 

Fm 

17,-1 

35mm2/.2mm 

EMI 

Ksrr 

EEW 

Fm 

irei 

Ea 

171/1 

raa 

EHil 

.5mm2/.2mm 

17/1 

■7E1 

17/1 

gsia 

1771 

(1)  Long  term  aging:  All  tested  specimens  of  XI 4  and  K69-2 
favorably  passed  all  requirements  following  3000  hour 
exposure  at  150°C. 

(2)  Short  term  aging.  The  aging  results  are  summarized  in  Table 
1.  From  the  table,  it  is  clear  that  both  X14  and  K69-2  may 
reach  200°C  short  term  aging  requirements  per  J 167 8. 

(3)  Insulation  tensile  strength  and  elongation  retention.  The  test 
results  are  summarized  in  Table  2.  From  the  table,  it  is 
shown: 

(a)  K69-2  and  X-14  polyester  elastomers  have  very  high 
original  tensile  strength  (from  26.5  MPa  to  more  than 
51  MPa),  and  favorable  elongation  (>300%  to  near 
400%). 

(b)  More  importantly,  they  kept  high  tensile  and  elongation 
retention  even  at  210°C;  these  excellent  retention  results 


2.4.1  Crosslinking  Proof  Test 

There  is  a  simple  method  to  test  the  proof  of  crosslinking  called 
the  Hot  Plate  test  per  SAE  J1678.  In  this  method,  an  insulated 
wire  sample  is  placed  on  a  pre-heated  plate  at  250°C  ±  25,  with  a 
mandrel  under  a  force  of  5  to  7  N  for  5  to  6  seconds.  This  high 
temperature  exposure  is  then  followed  by  the  Withstand  Voltage 
test  per  J1678.  The  Hot  Plate  test  is  used  to  check  if  finished 
products  are  properly  crosslinked.  We  utilized  this  method  to  test 
our  finished  wire  samples.  Every  wire  construction  described  in 
this  paper  were  tested  per  this  method.  All  specimens  very  easily 
passed  this  test  since  these  materials  are  all  properly  crosslinked. 

2.4.2  Discussion 

Many  excellent  properties  of  these  polyesters  previously 
discussed  are  related  to  the  fact  that  the  material  has  been 
crosslinked.  These  include  not  only  mechanical  properties  and 
chemical  resistance,  but  also  and  especially,  the  heat  resistance. 
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Judd/SEI  polyesters  not  only  have  excellent  both  short  term  and 
long  term  heat  resistance,  but  may  also  meet  challenging  severe 
short  term  temperature  exposure,  such  as  thermal  shock,  due  to 
their  crosslinked  structures.  Some  non-crosslinked  materials  can 
reach  high  temperature  rating,  say  150°C,  when  used  at  below 
their  melting  points.  If  they,  however,  meet  thermal  shock  that  is 
higher  than  their  melting  points,  they  will  be  melt  and  fail  in  the 
application. 

2,4.3  Pinch  Resistance  and  Abrasion  Resistance 

The  tensile  strength  and  elongation  data  of  K69-2  and  X-14 
described  and  discussed  in  section  2.3  Heat  Resistance  are  an 
indication  of  the  toughness  of  these  materials.  Other  key 
properties  related  to  the  physical  abuse  characteristics  of  the 
materials,  including  pinch  resistance  and  abrasion  resistance  were 
investigated. 

2.5  Pinch  Resistance  and  Abrasion  Resistance 
Tests 

( 1 )  Pinch  Resistance  Test 

Test  procedure:  Specification  J1678  or  J1 128. 

(2)  Sandpaper  Abrasion  Resistance  Test 
Test  procedure:  Specification  J1 128. 

(3)  Scrape  Abrasion  Resistance  Test 
Test  procedure:  Specification  ISO  6722 

Different  constructions  insulated  with  XI 4  and  K69-2  were 
tested. 

2.5.1  Results  and  Discussion 

(1)  The  test  results  of  pinch  resistance  and  abrasion  resistance 
(both  sandpaper  and  scrape  methods)  are  summarized  in  Table  3. 

(2)  X14  and  K69-2  exhibited  excellent  pinch  resistance  and 
abrasion  resistance.  For  example,  JI678  requires  0.5kg  pinch 
resistance  for  0.20mm  insulation  thickness,  yet  we  reached  7.55 
kg.  Also,  the  requirement  per  J1128  for  a  0.35  mm2  having  a 
0.40mm  nominal  wall  thickness  is  2.7  kg  for  pinch  resistance  and 

Table  3.  Results  of  Pinch  Resistance  and  Abrasion 
Resistance 


Insulation 

Construction 
(wire  size/wall 
thickness) 

Pinch 

Resistance 

(kg) 

Sandpaper 
Abrasion 
Resistance 
Bracket  A, 
0.22kg 
(mm) 

Scrape 

Abrasion 

Resistance 

(cycles) 

X14 

.35mm2/.4mm 

8.14 

1011 

913 

X14 

.8mm2/.4mm 

7.94 

1359 

1247 

K69-2 

.35mm2/.2mm 

7.55 

228 

158 

K69-2 

1.0mm2/.4mm 

7.63 

2195 

1448 

250  mm  for  sandpaper  abrasion  resistance.  Values  of  8. 1 4  kg  for 
pinch  and  101 1mm  for  sandpaper  abrasion  were  obtained  on  these 
wire  samples  -  about  2  to  3  times  higher  than  the  specification 
requirements.  These  high  pinch  and  abrasion  resistance  values 
and  the  high  tensile  strength  and  elongation  previously  discussed 
demonstrate  the  excellent  physical  abuse  characteristics  of  these 
polyesters.  While  these  materials  maintain  excellent  flexibility 


(they  are  elastomers),  they  are  also  tough  (strong)  in  mechanical 
properties;  this  special  combination  is  heavily  related  to  the  fact 
that  these  insulation  systems  are  crosslinked. 

2.6  Flame  Resistance  and  Fluid  Compatibility 

Flame  resistance  (retardancy)  is  a  must  for  automotive  wire  and 
cable.  Fluid  compatibility,  a  type  of  chemical  resistance,  is  also 
important,  especially  for  engine  harness  type  of  applications.  Both 
of  them  have  clear  specification  requirements,  such  as  per  J1678 
or  1128. 

2.6.1  Flame  Resistance  and  Fluid  Compatibility 
Tests 

(1)  Flame  Resistance 

Test  procedure:  J1678  or  J1 128. 

Every  wire  construction  described  in  this  paper  was  tested  per  this 
method. 

(2)  Fluid  Compatibility 

Test  procedure:  J1678  or  Ill 28.  The  outer  diameter  (OD)  of  the 
test  specimen  is  measured.  The  procedure  specifies  that  test 
specimens  be  separately  immersed  in  the  eight  fluids  and 
specified  temperatures  shown  in  Table  4.  The  immersion  time  is 
20  hours  for  each  fluid.  After  immersion,  the  OD  of  each 
specimen  is  measured  and  the  percent  swell  (OD  change)  is 
calculated  and  must  not  exceed  the  specification  requirements. 
The  samples  must  then  pass  the  mandrel  wrap  (no  cracks)  and 
withstand  voltage  tests. 

Different  constructions  insulated  with  X14  and  K69-2  were 
tested. 

2.6.2  Results  and  Discussion 

(1)  Flame  Resistance 

All  test  specimen,  insulated  with  either  X14  or  K69-2,  favorably 
passed  the  flame  resistance  test.  The  bum  times  were  from  3  to 
22  seconds  (maximum),  with  an  average  of  about  10  seconds  or 
less,  while  the  SAE  specifications  allow  up  to  70  seconds. 

The  results  indicate  that  K69-2  and  X-14insulations  posses 
excellent  flame  resistance. 

(2)  Fluid  Compatibility 

The  test  results  are  summarized  in  Table  4.  All  of  the  tested 
specimens  had  favorably  passing  results.  The  OD  changes  were 
from  0%  (no  change)  to  less  than  25%  (one-fourth  of  maximum) 
of  the  spec  allowed  changes.  The  samples  passed  the  mandrel 
wrap  and  withstand  voltage  tests.  The  results  show  that  K69-2 
and  X-14  polyesters  have  excellent  compatibility  with  all  of  these 
fluids. 
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Table  4.  Results  of  Fluid  Compatibility  per  J1678  or  J1128 


Fluid 

Test 

Temp. 

(°C) 

OD 

Change 

Allowed 

(%) 

Sample 

Results 

OD 

Change 

(%) 

Met  Mandrel 
Wrap  & 
Dielectric 
Requirements 

Final 

Result 

Engine  Oil 

(IRM-902) 

3.  50+3 

X14,  .35mm^/.4mm 

0.5 

Yes 

Pass 

15 

XI 4,  .8mm*/.4mm 

0.8 

Yes 

Pass 

K69-2,  .35mm^/.2mm 

-0.2 

Yes 

Pass 

K69-2, 

-0.5 

Yes 

Pass 

Gasoline 

(Ref.  Fuel  C) 

4.  23±5 

XI 4,  .35mmz/.4mm 

3.7 

Yes 

Pass 

15 

X14,  .8mm^/.4mm 

2.7 

Yes 

Pass 

K69-2,  .35mnY7.2mm 

0.1 

Yes 

Pass 

K69-2,  1mnY7.4mm 

0.2 

Yes 

Pass 

5.  Ethanol 

(Ethanol  + 
Ref.  Fuel  C) 

6.  23±5 

XI 4,  .35mm^/.4mm 

0.2 

Yes 

Pass 

15 

XI 4,  .8mnY/.4mm 

1.1 

Yes 

Pass 

K69-2,  .35mm^/.2mm 

0.9 

Yes 

Pass 

K69-2,  1mnY/.4mm 

-0.3 

Yes 

Pass 

Diesel  Fuel 

(IRM-903  + 
p-xylene) 

7.  23±5 

15 

X14,  .35mnY7.4mm 

0.3 

Yes 

Pass 

X14,  .8mm*/.4mm 

0.3 

Yes 

Pass 

K69-2,  .35mnY7.2mm 

0.0 

Yes 

Pass 

K69-2,  1mmz/.4mm 

0.3 

Yes 

Pass 

Power 

Steering 

(IRM-903) 

50+3 

30 

XI 4,  .SSmnrYMmm 

0.8 

Yes 

Pass 

X14,  .8mnY7.4mm 

0.1 

Yes 

Pass 

K69-2,  .35mnY/.2mm 

0.7 

Yes 

Pass 

K69-2,  1mnY7.4mm 

0.3 

Yes 

Pass 

Auto  Trans 

(Citco 

Dextron 

ill  SAE  J31 1) 

50+3 

25 

X14,  .SSmrrYMmm 

0.6 

Yes 

Pass 

X14,  .Smm^/imm 

0.1 

Yes 

Pass 

K69-2,  .35miTY/.2mm 

-0.2 

Yes 

Pass 

K69-2,  1mmz/.4mm 

-0.1 

Yes 

Pass 

Engine 

Coolant 

(Water  + 

Ethylene 

Glycol) 

50+3 

15 

X14,  .35mm^/.4mm 

0.6 

Yes 

Pass 

X14,  .8mnY/.4mm 

-0.7 

Yes 

Pass 

K69-2,  .35mnY/.2mm 

0.9 

Yes 

Pass 

K69-2,  1mm^/.4mm 

0.0 

Yes 

Pass 

Battery  Acid 

8.  23+5 

5 

X14,  .35mrrf/.4mm 

-0.3 

Yes 

Pass 

X14,  .Smm^Mmm 

0.5 

Yes 

Pass 

K69-2,  .35mmz/.2mm 

0.1 

Yes 

Pass 

K69-2,  1mnYy.4mm 

-0.1 

Yes 

Pass 

Note:  immersion  period  is  20  hours  for  any  fluids. 
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3.  Conclusions 

Judd  Wire  Inc.  and  the  New  Chemistry  Research  Department  of 
Sumitomo  Electric  Industries,  Ltd.  have  jointly  and  successfully 
developed  two  novel  crosslinkable  polyester  elastomers,  K69-2 
and  X-14.  It  has  been  demonstrated  that  these  materials  posses 
excellent  flexibility,  tensile  strength,  pinch  resistance,  abrasion 
resistance,  chemical  resistance  and  have  a  continuos  temperature 
rating  of  at  least  150°C.  The  maximum  continuous  temperature 
rating  has  not  been  determined  and  will  be  the  topic  of  future 
development  efforts.  These  materials  are  suitable  for  high 
temperature  applications  for  automotive  industry.  K69-2  was 
found  to  meet  the  requirements  of  insulation  systems  for  ultra  thin 
wall  automotive  applications.  X-14  was  determined  to  be  suitable 
as  an  insulation  system  for  thin  wall  wiring  systems  or  as  a 
jacketing  material  for  heat  resistant  multi-conductor  cables  in 
automotive  applications. 

During  this  investigation,  Judd  Wire  Inc.  also  successfully 
developed  hot  water  resistance  and  wire  bundle  flexibility  testing 
facilities  and  procedures  that  may  benefit  the  automotive  wire  and 
cable  industry. 
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Abstract 

This  paper  explains  copper  clad  steel  and  aluminum  wire  and 
identifies  opportunities  to  take  advantage  of  the  unique 
combinations  of  properties  available  with  clad  wire  in  automotive 
applications.  It  explains  how  the  use  of  small  copper  clad  steel 
cables  for  low  current  and  signal  leads  can  reduce  both  weight 
and  wiring  harness  bundle  size,  and  how  copper  clad  aluminum 
can  reduce  the  weight  of  power  cables.  Examples  of  components 
that  have  been  built  to  demonstrate  these  applications  are 
discussed  in  detail. 

Keywords 

Bimetallic;  Automotive;  Cable;  Wire;  Weight  Reduction;  Wiring 
Harness;  Copper  Clad  Aluminum;  Copper  Clad  Steel 

1.  Introduction 

Bimetallic  wire  was  first  produced  in  1915  by  pouring  molten 
copper  around  a  steel  billet,  and  working  the  resulting  bimetallic 
ingot  into  bimetallic  wire.  Over  the  last  nearly  ninety  years,  both 
the  manufacturing  process  and  the  product  it  yields  have  evolved 
into  forms  that  only  slightly  resemble  the  results  of  those  early 
efforts. 

Today,  bimetallic  wire  is  produced  by  mechanically  cladding  rod  of 
one  metal  with  the  flat  form  of  another.  This  process  is  shown  in 
the  photograph  of  the  first  step  in  copper  clad  aluminum  production 
in  Figure  1. 


Figure  1.  Copper  Strip  Being  Formed  Around 
Aluminum  Rod  in  Preparation  for  Bonding 

In  the  figure,  copper  strip  is  being  continuously  formed  around  a 
moving  aluminum  rod  in  preparation  for  bonding.  In  this  case  the 
diameter  of  the  rod  is  about  20  millimeters,  and  the  strip  thickness  is 
approximately  one-half  millimeter.  Just  after  the  point  at  which  the 
photograph  was  taken,  the  materials  to  be  bonded  receive  processing 
which  produces  metallurgically  clean  surfaces  on  both  the  rod  and 
strip,  permitting  them  to  form  a  metallurgical  bond  during 
subsequent  thermomechanical  processing.  This  metallurgical  bond 
renders  the  cladding  and  substrate  inseparable. 

The  modem  cladding  process  is  robust  and  flexible.  It  has  been 
applied  successfully  to  a  variety  of  both  substrate  and  cladding 
metals.  The  flat  stock  over  rod  process  permits  the  cladding 
thickness  to  be  engineered  by  adjusting  the  thickness  of  the  flat 
stock  and/or  the  diameter  of  the  rod  being  clad.  The  thickness  ratio 
established  in  the  initial  cladding  operation  is  always  maintained,  no 
matter  how  fine  the  wire  is  eventually  drawn. 

Clad  products  are  fundamentally  different  from  plated  wire 
products.  Plated  wire  products,  such  as  tinned  copper,  are 
essentially  a  wire  of  one  metal  with  a  thin  surface  layer  of  a  second 
metal.  The  physical  and  mechanical  properties  of  the  wire  are  those 
of  the  wire  material,  for  example  copper.  The  surface 
characteristics  are  those  of  the  plated  layer,  for  example  tin.  Clad 
products,  in  contrast,  are  true  composite  materials,  with  mechanical 
and  physical  properties  that  approximate  the  weighted  average  of 
the  two  metals  combined.  The  surface  characteristics  are  those  of 
the  cladding  metal.  Clad  products  are  distinguished  from  plated 
products  because  the  clad  layer  is  much  more  massive  that  typical 
plated  coatings,  as  shown  in  Figure  2. 
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Figure  2.  Metallographic  Cross  Section  of  Copper 
Clad  Steel  Wire  1mm  in  Diameter  ' 

Bimetallic  clad  wire  products  and  plated  wire  products  are  not 
normally  considered  to  be  substitutes  for  each  other.  Plating 
lends  itself  to  more  economical  production  of  thin  surface  layers, 
and  where  such  layers  are  adequate,  plated  products  arc  the  usual 
choice,  Clad  products  are  chosen  where  true  composite  properties 
are  desired,  or  a  more  massive  exterior  layer  is  required  to 
achieve  the  desired  performance.  For  example,  the  relatively 
thick  clad  layer  on  copper  clad  aluminum  permits  that  material  to 
be  used  for  center  conductors  in  coaxial  cable,  achieving  lighter 
weight  and  lower  cost,  while  maintaining  the  same  impedance  as 
copper.  This  application  is  possible  because  the  clad  layer  is 
engineered  to  be  sufficiently  thick  that  the  skin  effect  of  the  high 
frequency  signal  causes  the  signal  to  remain  entirely  within  the 
clad  layer  of  copper. 

The  same  massive  copper  layer  makes  copper  clad  aluminum 
suitable  for  the  automotive  applications  that  are  the  subject  of  this 
paper.  Clad  copper  layers  are  able  to  mitigate  the  tendency  of 
aluminum  to  develop  increasingly  high  resistance  in  connections. 
Thinner  plated  layers  would  be  unlikely  to  survive  and  maintain 
effectiveness  through  the  mechanical  damage  involved  in 
crimping  and  the  severe  vibration  and  temperature  extremes 
inherent  in  automotive  applications. 

While  several  clad  wire  products  are  produced  commercially,  the 
combinations  of  greatest  commercial  importance  are  copper  clad 
aluminum  and  copper  clad  steel.  Copper  clad  aluminum  is  most 
often  used  today  as  a  lighter,  lower  cost  alternative  to  copper  in 
high  frequency  applications.  Copper  clad  steel  is  widely  used 
where  a  conductor  with  greater  strength  is  needed,  and  reduced 
conductivity  can  be  accepted. 

These  two  products  have  excellent  potential  for  automotive 
applications  in  two  areas: 

•  The  use  of  smaller  copper  clad  steel  cables  for  signal 
and  low  current  leads  that  are  sized  based  on  cable 
strength  rather  than  current  carrying  capacity.  This 
reduces  weight  and  wiring  harness  bundle  size,  as  well 
as  improving  harness  flexibility  and  facilitating 
installation. 

•  The  use  of  copper  clad  aluminum  to  reduce  the  weight 
of  battery  cables  and  other  power  leads. 

These  two  applications  are  the  subject  of  this  paper. 

2.  Bimetallic  Clad  Wire  Products 
Recommended  for  Automotive 
Applications 

2.1  Copper  Clad  Steel 

The  copper  clad  steel  product  suggested  for  small  automotive 
cables  is  SAE  1006  low  carbon  steel  clad  to  40%  IACS 


conductivity  and  hard  drawn.  The  properties  of  this  material  are 
summarized  in  Table  1 . 


Table  1 .  Properties  of  40%  Copper  Clad  Steel 


Cu 

Thickness 

Volume 

%Cu 

Resistivity 

Density 

Tensile 

Strength 

CCS 

10%  0 

36% 

.044Qmm2/m 

8.2g/cm3 

780MPa 

Cu 

100% 

100% 

.0 1 70mm2/m 

SS&cm* 

230MPa 

AWG  26  (.13mm2)  cables  of  this  product  have  comparable 
breaking  strength  to  AWG  20  (.50mm2)  copper  cables.  AWG  24 
(.22mm2)  can  also  be  used,  achieving  the  same  benefits  to  a  lesser 
degree,  but  producing  and  even  more  rugged  assembly.  Small 
copper  clad  steel  cables  and  the  copper  cables  they  usually 
replace  are  described  in  Table  2. 


Table  2.  Comparison  of  Copper 
Clad  Steel  (CCS)  and  Copper  Automotive  Cables 


Cable 

Diameter 

Break  Load 

Weight 

Ampacity* 

,13mm2  CCS 

1 .0mm 

13kgf 

1 .6kg/km 

Not  tested 

.22mm2  CCS 

1.1mm 

22kgf 

2.4kg/km 

6.5 

.35mm2  Cu 

1.5mm 

8.7kgf 

3.8kg/km 

14 

,50mm2  Cu 

1.7mm 

I4kgf 

6. 3  kg/km 

18 

*  Ampacity  as  determined  by  one  automotive  wiring  harness  manufacturer. 
While  .  1 3mm2  CCS  was  not  included  in  the  same  group  of  tests,  other  tests 
have  shown  ampacities  from  3  to  5  amps. 


The  values  in  Table  1  are  for  cables  having  PVC  insulation  in 
accordance  with  SAE  specifications.  Values  will  vary  slightly 
depending  upon  the  type  and  thickness  of  insulation,  but  the  size 
and  weight  advantage  of  the  small  copper  clad  steel  cables  is 
clear. 

2.2  Copper  Clad  Aluminum 

The  copper  clad  aluminum  product  suggested  for  automotive 
applications  is  clad  to  10%  copper  by  cross  sectional  area  and 
hard  drawn.  The  properties  of  this  material  are  summarized  in 
Table  3. 

Table  3 


Properties  of  10%  Copper  Clad  Aluminum 


Cu 

Thickness 

Volume 
%  Cu 

Resistivity 

Density 

Tensile 

Strength 

CCA 

2.5%  0 

10% 

.O270mm2/m 

3.3g/cm3 

250MPa 

Cu 

100% 

100% 

.017Dmm2/m 

S.Qg'cm3 

230MPa 

These  electrical  properties  permit  copper  clad  aluminum  cables  in 
standard  even  gage  number  sizes  to  be  substituted  for  copper 
cables  of  the  next  smaller  even  gage  size  without  affecting 
electrical  performance  while  achieving  significant  weight 
reductions.  This  is  illustrated  in  Table  4. 
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Table  4.  Comparison  of  Copper  Clad 


Aluminum  | 

CCA)  and  Copper  Automotive  Cables 

Cable 

Construction 

Resistance 

Conductor 

Weight 

Ampacity 

AWG10CCA 

19 /.57mm 

5.6n/km 

16kg/km 

47 

AWG  12  Cu 

19/.46mm 

5.9D/km 

27kg/km 

46 

The  ampacities  in  Table  4  are  actual  values  determined  by  an 
automotive  wiring  harness  manufacturer  for  PVC  insulated 
cables.  The  other  values  are  nominal.  The  general  rule  that  a 
copper  cable  can  be  switched  to  a  copper  clad  aluminum  cable 
two  gage  numbers  larger  and  obtain  similar  resistance  and  current 
carrying  capacity  at  about  a  forty  percent  weight  reduction  applies 
to  the  entire  range  of  cable  sizes. 

3.  Manufacturing  and  Performance 
Considerations  for  Automotive 
Applications  of  Bimetallic  Cable 

3.1  The  Use  of  Hard  Drawn  Wire 

While  copper  cables  are  usually  fabricated  from  annealed  copper, 
hard  drawn  bimetallic  cables  are  recommended.  The  term  “hard 
drawn”  simply  means  that  the  strands  making  up  the  cable  are  not 
annealed  after  drawing  to  final  diameter.  Omission  of  the 
annealing  heat  treatment  to  soften  the  strands  leaves  them  in  a 
work  hardened  condition  with  higher  strength  and  less  ability  to 
accept  deformation  without  fracturing.  It  is  this  tendency  to 
fracture  when  severely  deformed  that  leads  to  the  misconception 
that  hard  drawn  cable  is  not  suitable  for  automotive  applications. 
Hard  drawn  wire  will  break  after  only  a  few  repetitions  of  sharp 
bending  by  hand,  while  annealed  wire  of  any  metal  will  survive 
this  treatment  much  longer. 

Sharp  bending  by  hand,  however,  is  not  representative  of  actual 
service  conditions.  Such  bending  plastically  deforms  the  wire. 
Plastic  deformation  work  hardens  the  metal  and  reduces  its 
ductility.  Since  the  work  hardening  from  the  drawing  operation  is 
still  present  in  hard  drawn  wire,  it  will  break  in  after  fewer  bends 
than  annealed  wire.  No  wire,  however,  regardless  of  its 
metallurgy  will  tolerate  more  than  a  few  dozen  cycles  of  repeated 
plastic  deformation.  Metals  cannot  be  used  in  service  conditions 
that  involve  repeated  plastic  deformation. 

Figure  3  is  a  schematic  representation  of  the  stress-strain  curves 
for  the  same  metal  in  both  the  annealed  and  hard  drawn 
conditions.  The  hard  drawn  material  has  a  higher  yield  strength, 
denoted  by  the  point  where  the  curve  deviates  from  a  straight  line, 
a  higher  ultimate  tensile  strength,  denoted  by  the  peak  of  the 
curve,  and  a  lower  total  elongation,  shown  by  the  overall  length 
of  the  curve.  The  annealed  material  does  tolerate  greater  plastic 
deformation,  as  shown  by  the  longer  length  of  the  plastic  section 
of  the  curve,  indicated  by  a  dotted  line. 


Figure  3.  Schematic  Stress-Strain  Curves  for 
Annealed  and  Hard  Drawn  Wire 

These  differences  are  important  in  the  application  of  the 
materials.  The  work  hardening  behaviour  of  steel  permits 
development  of  high  strength  with  the  use  of  low  cost  and  easily 
drawn  low  carbon  steel.  The  high  yield  strength  of  the  copper 
clad  steel  permits  small  cables  to  have  good  buckling  resistance 
and  adequate  column  strength  to  accommodate  typical  insertion 
forces. 

For  copper  clad  aluminium,  the  use  of  hard  drawn  strands  results 
in  a  more  rugged  cable  with  improved  fatigue  life.  The  fatigue 
life  of  a  metal  is  generally  proportional  to  its  tensile  strength.  In 
the  hard  drawn  condition,  the  tensile  strength  of  copper  clad 
aluminium  is  similar  to  or  slightly  higher  than  that  of  annealed 
copper,  resulting  in  similar  fatigue  life. 

The  use  of  hard  drawn  wire  has  been  validated  in  20,000  cycle 
liftgate  simulations  and  80,000  cycle  door  simulations.  In  both 
cases,  prototype  harnesses  containing  both  copper  clad  steel  and 
copper  clad  aluminium  went  through  flex  testing  simulating  life 
of  vehicle  service  without  breaking  any  strand  of  any  cable. 

3.2  Cutting  and  Stripping  Bimetallic  Cable 

Copper  clad  aluminum  cables  can  be  cut  and  stripped  in  the  same 
manner  as  copper  cables  with  no  changes  in  operating  practice. 
Due  to  the  hardness  of  the  steel,  copper  clad  steel  cables  may 
require  a  change  in  cutting  blade  material,  or  more  frequent  blade 
replacement.  Because  of  their  strength,  copper  clad  steel  strands 
resist  breakage  during  stripping,  making  the  stripping  operation 
more  robust. 

3.3  Joining  Bimetallic  Cable 

The  preferred  joining  technique  for  bimetallic  wire  is  ultrasonic 
welding.  This  type  of  welding  is  routinely  used  during  the 
manufacturing  process.  Both  types  of  bimetallic  wire  also  have 
excellent  solderability.  Silver  brazing,  however,  cannot  be  used 
with  copper  clad  aluminum  because  the  temperatures  involved  are 
too  high. 

3.4  Crimp  Terminations  in  Bimetallic  Cable 

Bimetallic  cables  of  the  type  recommended  for  automotive  use 
accept  standard  crimped  terminals.  Figure  4  is  a  cross  section 
photomicrograph  of  a  typical  crimp.  The  strands  deform  in  the 
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usual  manner  during  crimping  and  the  cladding  on  each  strand 
remains  intact. 


Figure  4.  Cross  Section  of  Crimp  in  18  Gage 
Copper  Clad  Aluminum  Cable 


In  Figure  4,  both  the  terminal  and  the  cladding  on  each  strand  are 
copper,  so  there  is  no  difference  in  contrast  in  the  photograph,  and 
the  sections  of  the  clad  layers  that  are  adjacent  to  the  terminal  are 
not  resolved.  However,  this  area  is  especially  important  because 
it  provides  a  copper  surface  at  the  point  of  interaction  between  the 
cable  and  the  terminal.  This  means  that  the  connections  perform 
more  like  connections  to  copper  cable  rather  than  connections  to 
aluminium  cable. 

The  performance  of  the  recommended  cables  during  thermal  and 
environmental  cycling  tests  of  crimped  connections  has  been 
good.  Failures  have  been  rare.  They  have  occurred  only  on 
certain  combinations  of  cable  construction  and  terminal  material, 
with  most  combinations  having  a  zero  failure  rate.  When  failures 
have  occurred,  they  have  been  intermittent,  with  the  majority  of 
the  crimps  in  any  condition  always  having  good  performance.  All 
the  failures  have  been  increases  in  resistance  of  the  crimped 
connection  to  a  level  that  was  above  the  maximum  allowed,  but 
would  still  be  functional.  There  have  been  no  catastrophic 
failures.  Crimp  geometry  may  be  a  factor  in  the  small  number  of 
failures  that  have  been  observed. 

Copper  clad  aluminium  cables  resist  the  stress  relaxation, 
connector  loosening,  and  exponential  resistance  increases  that  are 
hazards  for  aluminium  cables  for  several  reasons.  With  no 
exposed  aluminium  in  the  connection,  the  tendency  of  aluminium 
to  oxidize  and  develop  high  resistance  crimps  is  eliminated. 
Without  high  resistance,  excessive  heating  and  associated  thermal 
expansion  and  cable  softening  do  not  occur.  The  hard  drawn 
strands  with  their  higher  yield  strength  can  accommodate  greater 
thermal  stresses  than  annealed  strands  without  suffering  plastic 
deformation  and  permanent  distortion. 

3.5  Corrosion  and  Its  Prevention 

Whenever  two  metals  are  in  contact  in  the  presence  of  moisture, 
the  more  chemically  active  one  of  them  is  subject  to  accelerated 
corrosion  due  to  galvanic  action.  This  situation  is  aggravated  by 
the  presence  of  electrolytes  such  as  dissolved  salts.  Road  de-icing 
salts  and  airborne  salt  in  marine  environments  have  in  the  past 
caused  severe  corrosion  to  automobiles.  Several  metals  are  used 
in  vehicle  construction,  and  the  industry  has  learned  to  manage 


the  corrosion  hazards.  The  same  care  that  prevents  general  body, 
chassis,  and  trim  corrosion  is  applicable  to  wiring  components. 

At  the  cut  ends  (and  only  at  the  cut  ends)  of  bimetallic  cables, 
both  metals  are  exposed  and  there  is  a  hazard  of  galvanic 
corrosion.  For  successful  application  of  bimetallic  cables,  the 
corrosion  hazard  must  be  controlled.  Fortunately,  it  is  easily 
controlled.  Corrosion  is  a  wet  process  and  cannot  happen  without 
moisture,  so  the  simple  solution  is,  KEEP  IT  DRY.  This  means 
that  all  terminations  in  bimetallic  cable  outside  the  passenger 
compartment  must  be  sealed.  Conventional  sealed  connectors 
should  be  adequate.  Where  open  connections  are  desired,  such  as 
for  battery  cables,  they  can  be  soldered  or  sealed  with  any  of  a 
variety  of  commercial  products  such  as  plastisols  that  provide  a 
barrier  coating.  Properly  installed  heat  shrinkable  tubing  also  can 
provide  an  effective  seal. 

3.6  Ruggedness  and  General  Durability 

Both  applications  of  bimetallic  wire  result  in  more  durable 
components.  For  hard  drawn  copper  clad  aluminum  cables,  the 
specific  strength  is  equal  to  or  greater  than  copper,  but  the  cables 
are  larger  than  the  copper  cables  they  replace.  With  larger  cables 
the  stress  levels  are  lower,  and  life  should  be  longer. 

Copper  clad  steel  benefits  from  its  very  high  strength  level.  The 
strands  of  copper  clad  steel  cables  are  very  difficult  to  break,  even 
at  the  0.16mm  diameter  used  in  .13mm2  cable.  Because  it  has  a 
steel  core,  copper  clad  steel  is  exhibits  the  endurance  limit 
characteristic  of  ferrous  metals. 

4.  Examples  of  Automotive  Applications 

of  Bimetallic  Wire 

4.1  Small  Copper  Clad  Steel  Cables 

This  application  replaces  a  portion  of  the  minimum  size  copper 
cables  normally  used  in  a  wiring  harness  with  smaller  copper  clad 
steel  of  equivalent  strength.  It  reduces  weight  and  bundle  size 
and  improves  the  overall  flexibility  of  wiring  harnesses  and 
makes  them  easier  to  install  and  service.  The  effects  of  CCS  on  a 
harness  can  be  seen  by  analyzing  the  hypothetical  harness 
described  in  Table  5. 


Table  5.  Analysis  of  the  Benefits  of 
Substituting  Copper  Clad  Steel  (CCS)  Cables 


Number  of  Leads 

Cable 

Base  Harness 

With  CCS 

12  volts 

With  CCS 
42  volts 

26  gage  CCS 

216 

410 

22  gage  Cu 

360 

144 

0 

20  gage  Cu 

150 

150 

100 

1 8  gage  Cu 

72 

72 

72 

16  gage  Cu 

18 

18 

18 

Total  Leads 

600 

600 

600 

%  of  Base  Cross  Section 

100% 

90% 

80% 

%  of  Base  Weight 

100% 

86% 

72% 

The  harness  in  Table  5  does  not  exist,  but  it  is  a  model  that  can  be 
used  to  analyze  the  effects  of  copper  clad  steel  substitutions.  The 
assumptions  used  in  the  table  are  very  conservative  in  that  they 
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assume  extensive  use  of  22  gage  copper  cables,  when  often  the 
smallest  copper  leads  are  20  gage.  Also,  it  assumes  that  26  gage 
copper  clad  steel  could  handle  the  current  and  voltage  drop 
requirements  for  36%  of  the  leads.  In  actual  harnesses  that  have 
been  analyzed,  the  electrical  properties  of  26  gage  copper  clad 
steel  cables  would  permit  them  to  be  used  for  40%  to  60%  of  the 
leads.  The  final  column  in  Table  5  considers  the  effect  of  the 
proposed  change  to  42-volt  electrical  systems.  In  this  case, 
currents  in  power  leads  will  be  reduced  and  even  more  leads  will 
be  available  for  conversion  to  small  copper  clad  steel  cables. 

The  hypothetical  benefits  of  small  copper  clad  steel  cables  have 
been  demonstrated  in  prototype  wiring  harnesses. 

4.1.1  U.  S.  Mini-van  Main  Body  Harness.  The  production 
supplier  of  this  wiring  harness  built  a  fully  functional  prototype, 
substituting  26  gage  (.13mm2)  copper  clad  steel  where 
appropriate.  The  overall  weight  of  this  harness  was  reduced  from 
15  to  12.7  kilograms,  a  15%  reduction.  This  includes  all 
terminals,  connectors,  packaging,  protective  wrapping,  and 
attached  mounting  brackets.  The  average  cross  sectional  area 
reduction  for  the  30  branches  of  this  harness  was  20%,  with  the 
main  trunk  of  the  harness  being  reduced  from  three  bundles  to 
two.  Flexibility  was  improved  throughout  the  entire  harness 
assembly. 

4.2  Copper  Clad  Aluminum  Power  Cables 

This  application  reduces  weight  by  replacing  copper  power  cables 
with  appropriately  upsized  copper  clad  aluminum  cables  having 
similar  electrical  characteristics.  The  benefits  of  this  substitution 
can  be  shown  in  the  analysis  of  the  cables  used  in  a  2001  Lincoln 
Town  Car.  This  analysis  was  done  by  the  supplier  of  wiring 
harnesses  for  this  vehicle  and  is  shown  in  Table  6. 


Table  6.  Weight  Reduction  Possible  by  Substitution 
of  Copper  Clad  Aluminum  (CCA)  for  Copper  Cables 
in  2001  Lincoln  Town  Car 


Copper 

Weight 

CCA  Weight 

Copper 

Insulation 

Weight 

CCA 

Insulation 

Weight 

Final 

Weight 

Savings 

16.7kg 

9.5kg 

4.9kg 

6.0kg 

The  2001  Town  Car  contained  1800  meters  of  cable  in  ten  sizes 
from  4  gage  to  22  gage.  There  were  also  ten  different  insulation 
specifications,  and  a  total  of  27  different  types  of  cable.  The 
analysis  in  Table  6  is  based  on  replacing  the  copper  cables  with 
copper  clad  aluminum  cables  ranging  from  2  gage  to  20  gage,  and 
insulated  to  the  same  specification  as  the  cables  they  replace.  It 
thoroughly  analyzes  the  weight  effect  of  the  fact  that  the  larger 
copper  clad  aluminum  cables  require  more  insulating  material. 

4.2.1  Copper  Clad  Aluminum  Battery  Cables.  Battery 
cables  are  the  largest  power  cables  in  a  vehicle  and  present  one  of 
the  best  opportunities  for  weight  reduction  through  the  use  of 
copper  clad  aluminum.  An  especially  good  opportunity  occurs 
with  current  vehicle  designs  that  are  more  frequently  relocating 
the  battery  to  the  rear  of  the  vehicle.  Table  7  shows  the 
comparison  of  copper  and  copper  clad  aluminum  cables  proposed 
during  the  design  of  a  2004  large  sedan  having  a  rear  battery 


location.  For  cables  the  size  and  length  of  this  type  of  battery 
cable,  significant  weight  reductions  are  possible  simply  by 
changing  the  material  of  one  component. 


Table  7.  Proposed  Copper  Clad  Aluminum  Battery 
Cable  for  2004  Model  Year  Large  Sedan 


Resistance 

(mfi/m) 

Cable 

Diameter 

(mm) 

Cable 

Weight 

(kg/m) 

Battery 

Cable 

Length 

Battery 

Cable 

Weight 

AWG  2 
Copper 

0.51 

9.8 

0.35 

6.1m 

2.1kg 

AWG  1/0 
10%  CCA 

0.54 

12.2  1 

0.23 

6.1m 

1.4kg 

Cables  based  on  the  proposal  in  Table  7  have  been  validated  in 
laboratory  testing  and  installed  on  test  vehicles. 

4.3  Optimized  Components  Using  Both  Copper 
Clad  Steel  and  Copper  Clad  Aluminum 

The  use  of  both  types  of  bimetallic  cables  in  the  same  harness 
uses  the  technology  of  bimetallic  cable  to  greatest  advantage. 
Harnesses  with  this  design  approach  achieve  maximum  weight 
reduction  and  still  can  be  smaller  and  more  flexible. 

An  example  of  this  type  of  harness  is  a  functional  prototype  door 
harness  for  a  large  pickup  truck.  The  supplier  of  the  production 
harness  built  these  prototypes  to  demonstrate  the  advantages  and 
practicality  of  bimetallic  cable.  This  small  harness  has  22  leads. 
Of  these,  12  are  power  leads  requiring  copper  clad  aluminum,  and 
10  are  low  current  leads  using  copper  clad  steel.  The  completed 
prototype  harness  weighs  0.9  kilograms,  while  the  production 
harness  weighs  1.4  kilograms.  These  weights  are  for  complete 
harness  assemblies  with  all  terminals,  connectors,  tape  wrap,  and 
attached  mounting  brackets.  In  addition  to  being  lighter,  the 
bimetallic  harnesses  are  noticeably  more  flexible. 


5.  The  Brief  History  of  Copper  Clad 
Aluminum  Wire  in  the  Automotive  Industry 

While  bimetallic  wire  is  an  established  product  manufactured  and 
used  in  quantities  measured  in  thousands  of  tons  per  month,  it  has 
been  largely  absent  from  automotive  material  applications.  There 
is  one  bit  of  history,  however,  and  it  merits  reviewing  because  it 
demonstrates  the  applicability  of  the  product  and  provides  some 
lessons  on  how  it  can  best  be  used. 

During  the  first  period  of  downsizing  and  weight  reduction  in  the 
1970s,  one  manufacturer  used  copper  clad  aluminum  battery 
cables  in  some  models.  This  application  was  generally 
successful,  but  was  not  without  problems.  The  cables  failed  at  a 
rate  that  was  considered  a  nuisance  at  the  time,  but  would  be 
unacceptable  by  today’s  quality  standards.  After  a  few  years,  the 
application  was  abandoned  for  the  following  reasons: 

•  Breakage 

•  Corrosion  failures 

•  Cost 
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These  were  all  valid  issues  at  the  time,  but  with  current 
technology  and  understanding,  they  can  all  be  addressed. 

5.1  Preventing  Breakage 

Some  of  the  cables  required  premature  replacement  because  they 
fractured.  The  cables  used  at  the  time  were  not  highly  stranded. 
Individual  strands  were  about  1 ,5mm  in  diameter,  and  they  were 
annealed.  Both  factors  made  the  cables  subject  to  fatigue 
fractures  caused  by  vibration.  The  larger  strands  are  less  flexible 
and  any  movement  induces  higher  stresses.  The  higher  the  stress 
level,  the  shorter  the  fatigue  life  of  any  metal  will  be.  Modem 
battery  cables  typically  have  strands  no  larger  than  0.57mm 
diameter. 

The  second  factor  contributing  to  fatigue  failures  was  the  use  of 
annealed  strands.  Annealing  reduces  the  ultimate  tensile  strength 
and  the  fatigue  life  of  all  metals  is  proportional  to  their  tensile 
strength.  This  effect  is  particularly  severe  for  copper  clad 
aluminum  because  fully  annealed  aluminum  has  very  low  tensile 
strength. 

Modem  cable  constructions  with  smaller  strands,  and  the 
elimination  of  the  annealing  operation  have  made  today’s  copper 
clad  aluminum  cables  resistant  to  fatigue  failures.  This  durability 
has  been  demonstrated  in  several  laboratory  vibration  and 
mechanical  cycle  tests.  There  has  also  been  limited  experience 
with  these  cables  on  test  vehicles.  In  all  of  this  testing,  not  one 
broken  strand  due  to  fatigue  has  been  observed. 


Figure  5.  Copper  Clad  Aluminum  Cable 
Connected  to  Alternator  Terminal  After  40  Cycle 
Proving  Ground  Corrosion  Test 

5.2  Avoiding  Corrosion 

The  cables  used  25  years  ago  were  frequently  terminated  with 
open  connections,  making  them  susceptible  to  galvanic  corrosion. 
It  is  not  recommended  to  expose  unprotected  cut  ends  of 


bimetallic  wire  to  atmospheric  conditions  in  any  situation,  but 
where  the  corrosion  accelerating  effects  of  electrolytes  such  as 
road  salt  and  battery  acid  are  present,  it  is  particularly  risky. 
Corrosion  can  be  prevented  with  proper  sealing  techniques. 
Figure  5  shows  an  alternator  cable  termination  that  was  sealed 
with  heat  shrink  tubing.  It  is  in  excellent  condition  after  40 
corrosion  cycles  at  the  proving  ground  of  one  of  the  domestic 
automotive  companies,  a  very  severe  test.  The  cable  marked  “3” 
in  the  photograph  is  AWG  1  copper  clad  aluminum.  Note  the 
heat  shrink  tubing  between  the  “3”  and  the  terminal,  and  the 
absence  of  corrosion  on  the  cable. 


5.3  Costs  Have  Changed 

Manufacturing  technology  and  materia!  prices  have  changed 
significantly  in  25  years.  Cost  is  no  longer  a  barrier  to  the  use  of 
copper  clad  aluminum  cables,  as  the  next  section  will  explain. 


6.  The  Economics  of  Bimetallic  Cables 

No  paper  suggesting  a  materials  change  in  a  widespread 
application  would  be  complete  without  a  discussion  of  costs  and 
the  economics  of  the  application. 

The  process  of  producing  cables  consists  of  the  steps  of  producing 
wire  rod,  drawing  to  strand  gage,  stranding  or  bunching,  and 
insulating.  The  cost  of  these  manufacturing  steps  combined  with 
the  raw  material  cost  determines  the  cost  of  the  finished  cable. 

The  costs  of  all  the  manufacturing  steps  after  rod  production  are 
incurred  on  a  length  basis.  Bimetallic  wire  processes  at  the  same 
speed  through  these  operations  as  copper.  Therefore  the 
manufacturing  cost  to  produce  a  kilometer  of  bimetallic  cable 
from  clad  rod  is  the  essentially  the  same  as  the  manufacturing  cost 
to  produce  a  kilometer  of  the  same  construction  copper  cable  from 
copper  rod. 

Cost  differences  arise  from  differences  in  the  cost  of  the  rod. 
Bimetallic  wire  starts  with  lower  cost  raw  materials,  but  the 
cladding  process  involves  significant  metallurgical  processing  and 
is  expensive.  Therefore,  depending  the  copper  price  in  effect  at 
the  time,  bimetallic  wire  rod  at  a  typical  diameter  of  about  8mm 
may  be  more  expensive  than  copper  wire  rod.  However,  because 
copper  clad  steel  is  used  at  smaller  gages,  and  copper  clad 
aluminum  conductors  are  about  40%  lighter  than  the  copper 
conductors  they  replace,  less  raw  material  is  required  and  the  final 
costs  of  bimetallic  and  copper  cables  are  similar.  Of  course  the 
cost  relationship  is  related  to  copper  prices.  Bimetallic  cables  are 
less  sensitive  to  variations  in  copper  price  and  can  develop 
attractive  cost  advantages  when  copper  prices  are  high  in  their 
historic  range. 

Generally,  cost  should  not  be  a  major  consideration  in  the 
substitution  of  bimetallic  cables  for  copper  cables.  It  is 
appropriate  to  consider  that  the  benefits  of  bimetallic  cables  can 
be  achieved  at  no  significant  cost  penalty. 


7.  Conclusions 

Cables  produced  from  bimetallic  copper  clad  aluminum  and 
copper  clad  steel  wire  offer  unique  opportunities  to  reduce  the 
weight,  size,  and  rigidity  of  automotive  wiring  components. 
Weight  reduction  of  wiring  components  has  the  same  beneficial 
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effects  on  vehicle  performance  and  fuel  economy  as  all  weight 
reduction  measures.  Smaller  and  more  flexible  wiring  facilitates 
installation  and  reduces  assembly  cost. 

Both  engineering  analyses  and  prototype  testing  have  validated 
the  performance  of  these  cables,  including  the  superiority  of 
cables  made  from  hard  drawn  strands.  The  advantages  of 
bimetallic  cables  present  a  rare  opportunity  make  important 
improvements  without  incurring  significant  cost  increases. 
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Abstract 

High  density  polyethylene  (HDPE)  has  predominantly  been  the 
polyolefin  of  choice  for  wire  insulation  in  Tele-Communication 
and  Data-Communication  cable  applications  for  years.  The 
typical  ranges  of  MI  (Melt  Index)  and  density  are  <  1 .0  and  0.940 
to  0.955.  The  usage  of  HDPE  can  be  attributed  to  the  excellent 
processibility  (>  2500  m/minutes),  mechanical  strength,  electrical 
properties  and  long  term  durability.  The  processibility  of  HDPE 
derives  from  its  Theologically  broad  molecular  weight 
distribution.  An  alternative  polyolefin  to  HDPE  is  in-situ  reactor 
blended  impact  polypropylene  copolymers  (IPP).  Compared  to 
HDPE,  IPP  provides  improved  mechanical  and  electrical 
properties  as  well  as  heat  resistance.  However,  the  past  usage  of 
IPP  has  generally  limited  extrusion  line  speed  (<  1700 
m/minutes)  and  output  due  to  the  eccentricity  of  a  wire. 

A  new  commercially  IPP  (nIPP)  has  been  developed  for  high  line 
speed  insulation  extrusion  applications.  The  processibility  of  this 
nIPP  is  now  equivalent  to  that  of  HDPE.  The  nIPP  has  shown 
enhanced  mechanical  strength,  improved  low  temperature 
performance,  and  reduced  extrusion  head  pressures,  compared  to 
conventional  IPP  and  HDPE.  Possible  reasons  for  improved 
performances  of  nIPP  are  discussed. 

Keywords:  High  density  PE,  polypropylene,  broad 
molecular  weight,  processibility,  eccentricity,  oscillatory  melt 
fracture,  viscoelastic  melts,  polydispersity,  dynamic  rheological 
data,  GPC. 

Introduction 

It  is  well  recognized  that  of  the  polyolefins  commonly  in  use  in 
the  United  States,  high  density  polyethylene  (HDPE)  and  impact 
polypropylene  (IPP),  HDPE  has  been  predominately  used  as  an 
insulating  material  for  communication  cables[l]. 

HDPE  is  a  simple  chemical  structure,  consisting  of  the  monomer 
repeating  unit  of  two  carbons,  ethylene.  The  crystalline 
architecture  is  made  of  lamella  with  chain  folding.  The 
crystallinity'  of  HDPE  is  mainly  controlled  by  an  addition  of  high 
alpha-comonomer  addition  such  as  butene  or  hexene  during  the 
polymerization  process.  The  mechanical  strength  of  HDPE  is 
mainly  determined  by  the  degree  of  crystallinity  or  density.  The 
polymer  provides  exceptional  mechanical  strength  and  electrical 
properties  as  an  insulation  as  well  as  processibility  for  a  wire 
coating  process.  The  excellent  processibility  of  the  HDPE  results 
from  its  broad  molecular  weight  distribution  (MWD)  [2]. 

Polypropylene  (PP)  has  similar  chemical  structure  to  HDPE  with 
an  addition  of  one  methyl  group  in  the  backbone  structure.  Thus, 
its  monomer  repeating  unit  of  the  polymer  is  propylene.  The 
presence  of  the  methyl  group  in  the  structure  of  PP  results  in  a 
different  crystalline  structure,  leading  to  different  crystallization 
mechanism,  compared  to  PE.  The  crystallinity  of  PP  is 
determined  by  stereo-regularity,  called  “tacticity”.  The  type  of 


catalyst  employed  for  polymerization  mainly  controls  the 
tacticity.  Compared  to  HDPE,  PP  is  much  stiffer  and  has  poorer 
impact  properties,  leading  to  a  poor  balance  of  stiffness  and 
impact.  In  order  to  improve  the  balance  of  properties,  in-situ 
rubbery  material  is  produced  in  the  reactor  during  polymerization 
process  to  produce  impact  modified  PP  (IPP).  Generally,  IPP  has 
a  narrower  MWD  than  HDPE  for  insulating  material  in 
communication  application. 

Conventional  IPP  had  been  used  for  insulating  materials  for 
communication  application  in  the  past.  However,  the  extrusion 
speed  had  been  limited  due  to  poor  centering  of  the  conductor 
(eccentricity).  For  an  example,  in  the  process  of 
telecommunication  singles,  eccentricity  can  take  place  at  line 
speeds  as  low  as  150  m/min[3].  In  many  cases,  maximum 
production  rates  are  limited  because  of  these  eccentricity 
problems.  In  the  insulation  of  data  communication,  eccentricity 
is  more  critical  for  a  given  line  speed  than  telecom.  Eccentricity 
problem  sometimes  leads  to  wall  thickness  variation  that  can 
cause  decreased  signal  performance  due  to  capacitance  effects. 
The  origin  of  eccentricity  in  the  wire  coating  extrusion  of 
conventional  IPP  might  be  related  to  oscillatoiy  melt  fracture 
originated  from  the  structure  of  the  material.  Thus,  absence  of 
eccentricity  is  highly  desirable  for  high  speed  IPP  wire  insulation 
process. 

The  presence  of  oscillatory  melt  fracture  had  been  investigated  in 
the  capillary  or  die  flow  of  molten  IPP[4-5  ].  At  low  shear,  a 
smooth  cylindrical  extrudate  was  observed.  At  high  flow  rates,  a 
periodic  oscillation  began  in  the  capillary  inlet  and  the  extrudate 
took  on  the  shape  of  a  regular  helix,  with  the  pitch  increasing  as 
the  flow  rate  increased.  Similarly,  Bialas  et  al  [6]  have  shown 
that  this  helical  pattern  is  directly  related  to  a  swirling  motion  of 
the  melt  at  the  entrance  to  the  capillary,  term  as  the  inlet  melt 
fracture.  The  inlet  melt  fracture  differs  from  typical  land  or  exit 
fracture  shown  by  HDPE  and  LLDPE  [7].  This  inlet  melt  fracture 
is  thought  to  be  a  result  of  elastic  failure  of  the  viscoelastic  melts, 
which  is  different  from  the  typical  land  or  exit  melt  fracture! 
originated  from  slip-stick  mechanism. 

In  this  report,  we  investigate  the  structural  and  morphological 
difference  between  HDPE  and  IPP.  The  difference  leads  to  an 
understanding  of  the  performance  in  communication  application 
as  an  alternative  insulating  material.  IPP  showed  a  limitation  in 
the  usage  of  high  speed  extrusion  due  to  the  presence  of 
oscillation  flow  which  is  related  to  wire  eccentricity.  A  possible 
explanation  for  the  origin  of  the  limitation  of  IPP  is  given.  A 
new  IPP  (nIPP)  produced  by  the  use  of  a  new  catalyst  and  a 
reactor  condition  is  introduced.  The  difference  in  structure  and 
property  between  IPP  and  nIPP  is  discussed. 

Experimental 
1.  Material 

The  sample  materials  used  for  this  investigation  are  commercial 
HDPE  and  two  grades  of  impact  polypropylene  resins  with 
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similar  melt  flow  rates  (MFR),  One  resin,  denoted  IPP  is  a 
conventional  impact  PP  with  a  Zieglar  catalyst  and  the  other 
resin,  denoted  new  IPP  (nIPP)  was  produced  with  a  high  activity 
catalyst  and  reactor  conditions.  The  basic  data  is  given  in  Table  1. 

2.  Test  methods 

Molecular  weight  (Mw)  and  molecular  weight  distribution 
(MWD)  were  measured  by  a  Waters  Gel  Permeation 
Chromatography  (GPC)  unit.  Melting(Tm)  and  crystallization 
temperatures(Tc)  were  determined  by  a  Perkin-Elmer  DSC  4 
calorimeter.  Dynamic  mechanical  properties  for  solid  state  were 
determined  with  a  Dupont  983  DMA  for  the  measurement  of 
E”(loss  modulus)  as  a  function  of  temperature.  Dynamic  complex 
viscosity,  t|*  as  a  function  of  frequency  and  shear  viscosity,  T|  as 
a  function  of  shear  rate  were  measured  by  a  Rheometrics  ARES 
and  Rosand  Capillary  rheometers  at  210  0  C.  During  the  capillary 
measurements,  a  technique  outlined  by  Cogswell[8]  was 
employed  to  determined  the  entrance  pressure  drop  (EPD  in 
short)  associated  with  changes  in  the  velocity  distribution  near 
the  die  entrance  of  the  capillary[9]. 

A  Davis-Standard  (L/D=  20,  D=  64  mm)  single  screw  extruder  at 
230  °  C  (die  temperature)  was  employed  with  a  specially 
designed  wire  coating  die  to  determine  extrusion  head  pressure 
(EHP)  as  a  function  of  screw  speed  and  critical  screw  speed  for 
the  occurrence  of  oscillatory  melt  fracture.  Flexural  Modulus, 
Low  Temperature  Brittleness  (LTB)  and  Shore  Hardness  were 
also  determined  with  injection  molded  specimens  using  the 
ASTM  methods. 

Results  and  discussion 

1)  Basic  data  and  phase  morphology 

Table  1  shows  the  difference  in  basic  properties  between  HDPE 
and  IPP.  Even  though  HDPE  shows  higher  density(crystallinity), 
it  shows  lower  LTB  and  Tm  than  IPP.  The  lower  Tm  with  higher 
crystallinity  for  HDPE  results  from  different  crystal  structure 
with  molecular  chain  packing.  IPP  is  a  better  choice  for  higher 
temperature  applications.  HDPE  is  a  single-phase  material 
whereas  IPP  is  two  phase  in-situ  in-reactor  blended  materials, 
consisting  of  homo  PP  as  a  matrix  phase  and  rubber  (22  wt%)  as 
a  disperse  phase.  The  nIPP  shows  improved  LTB,  Tm  and  Tc 
compared  to  conventional  IPP.  The  higher^ Tc  for  nIPP  (than  IPP) 
is  benefit  for  quicker  solidification  process  during  wire  coating 
run. 


Table  1 .  Basic  data  for  the  resins 


Resin 

HDPE 

IPP 

nIPP 

MI 

0.7 

- 

- 

MFR 

1.3 

2.5 

2.6 

Density 

0.943 

0.900 

0.900 

LTB(°C) 

A 

o 

-35 

-45 

Rubber 

content 

0 

22 

23 

Tm  (  °  C) 

127.6 

161.2 

165.4 

Tc(°C) 

116.3 

110.2 

118.4 

We  carried  out  the  DMA  measurements  in  order  to  understand 
the  phase  difference  between  HDPE  and  IPP.  Polymer  phase 
miscibility  can  be  detected  by  a  single  glass  transition  (Tg)  whose 
temperature  is  intermediate  between  those  corresponding  to  the 
individual  polymers  [10,11].  On  the  other  hand,  blends  of 
completely  immiscible  polymers  that  segregate  into  distinct 


phase  show  Tg  identical  in  temperature  to  those  of  the  unblended 
components.  The  DMA  data  (Figure  1)  indicate  that  IPP  shows 
multiple  transition  (no  single  Tg  temperature)  whereas  HDPE 
shows  only  one  a-transition  at  45  0  C  due  to  the  relaxation 
process  of  crystalline  domain.  We  identified  individual  Tgs  of 
IPP  such  as  the  Tg  near  65  0  C  (a-relaxation  due  to  PP  crystalline 
domain),  5  0  C  ((3-relaxation  due  to  PP  amorphous  phase)  and 
-40  0  C  (y-relaxation  due  to  rubber  phase).  Both(HDPE  and  IPP) 
show  the  transition  at  -120  0  C  due  to  a  relaxation  of  methyl 
group.  This  DMA  data  shows  that  PP  and  rubber  phase  is 
immiscible.  It  is  evident  that  HDPE  shows  different  DMA  data, 
compared  to  IPP.  At  present,  we  do  not  know  the  effect  of  these 
transitions  and  temperature  on  the  electrical  property  of 
insulation  for  HDPE  and  IPP. 


-150  -100  -50  0  50  100  ISO 


Temperature  (  0  C ) 

Figure  1 .  DMA  E”  vs.  temperature  data  for  HDPE  and  IPP 

2)  Structure  and  rheology 

Table  2  shows  the  results  of  GPC  data  and  Figure  2  shows  MWD 
curves  for  the  materials.  IPP  shows  higher  Mw  than  HDPE.  This 
GPC  result  is  contrary  with  MFR  data  (lower  MFR  for  HDPE 
means  higher  Mw  material).  The  higher  number  of  Mw  for  IPP 
results  from  one  more  carbon  unit  in  the  monomer  repeating  unit. 
This  means  that  for  a  given  equal  length  of  chains,  the  Mw  of  IPP 
shows  higher  (approximately  1.5  to  2  times  depending  on  )  than 
that  of  HDPE.  A  direct  comparison  for  GPC  data  between  HDPE 
and  PP  is  misleading  in  order  to  understand  the  GPC  data. 
However,  it  is  evident  that  HDPE  shows  broader  MWD  (as 
indicated  by  Polydispersity  (Pd)  in  Table  2)  than  IPP.  IPP 
showed  slightly  broader  MWD  with  similar  Mw  than  nIPP.  If  the 
MWD  curve  of  IPP  or  nIPP  is  shifted  to  lower  Mw  with  the 
normalization  of  the  additional  carbon  in  the  repeating  unit  for 
the  polymers,  the  broadness  for  HDPE  results  from  an  increased 
amount  of  low  and  high  Mw  species.  IPP  shows  similar 
observation  (more  low  and  high  Mw  species  for  the  MWD 
broadness),  compared  to  nIPP.  We  will  confirm  this  observation 
with  the  dynamic  rheological  data  (see  the  next  discussion). 


Table  2.  GPC  structural  data 


Resin 

HDPE 

IPP 

nIPP 

Mwx  10  5 

1.25 

2.30 

2.10 

Pd(Mw/M„) 

11.4 

6.1 

3.8 
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Figure  2  GPC  data  for  the  resins. 


As  shown  in  Figure  3,  dynamic  rheological  data  indicates  that 
broader  MWD  for  HDPE  shows  more  shear-thinning  behavior 
(higher  viscosity  at  low  frequency  region  and  lower  viscosity  at 
higher  frequency)  as  compared  with  IPP.  A  direct  comparsion  in 
rheology  between  IPP  with  nIPP  confirms  the  effect  of  MWD  on 
shear  thinning;  the  former  resin  showed  more  shear  thinning  than 
the  latter.  The  more  shear  thinning  results  from  the  improved 
disentanglement  process  of  long  chain  molecules  with  shear  in 
the  presence  of  more  low  Mw  species.  This  understanding  of 
dynamic  rheological  data  is  in  line  with  the  result  of  the  GPC 
MWD  curves. 


Figure  3.  Dynamic  rheological  data 

3)  Mechanical  and  electrical  properties 

It  is  important  to  increase  mechanical  strength  and  to  decrease 
dielectric  constant  of  solid  insulation  as  well  as  expanded 
insulation.  Improved  mechanical  strength  leads  to  enhanced 
crush  resistance  for  insulation.  During  manufacturing  process  of 
data  communication  cables,  the  twisting  process  of  the  insulated 
pairs  becomes  tighter  and  even  HDPE  lacks  the  toughness  to 
withstand  the  abuse  that  occurs  during  the  twinning  process. 
Greater  insulation  thickness  helps  compensate  for  the  insulation 
deformation  but  at  a  higher  cost.  Similar  principle  can  be  applied 
to  telecom  insulation. 


IPP  shows  improved  flexural  modulus  and  shore  hardness  (Table 
3)  compared  to  HDPE.  This  improved  mechanical  strength  for 
IPP  with  lower  density  clearly  indicates  different  crystalline 
morphology  for  the  polymer.  It  is  evident  that  nIPP  shows  even 
better  strength  than  IPP.  If  the  application  requires  some 
flexibility,  HDPE  is  a  better  choice  than  IPP.  Also,  IPP  and  nIPP 
show  lower  dielectric  constant  than  HDPE.  The  lower  dielectric 
constant  with  enhanced  mechanical  strength  for  IPP  and  nIPP  is 
advantageous  over  HDPE  whenever  capacitance  effects  can 
deteriorate  electric  properties  of  the  final  cable  [12]. 

Table  3.  Mechanical  and  electrical  properties  of  the  resins. 


Resin 

- - 

HDPE 

IPP 

nIPP 

Flex 

Modulus(Kg/cm2 ) 

13000 

18000 

22800 

Shore  hardness 

63 

69 

71 

Dielectric  constant 

2.33 

!  2.25 

2.26 

4)  Extrusion  test  and  high  shear  rheology 

Extrusion  head  pressure  (EHP)  is  dependent  on  the  extrusion 
speed  and  the  viscoelasticity  of  a  melt.  For  safe  operation,  it  is 
important  to  keep  the  head  pressure  low.  Lab  scale  extrusion  runs 
without  running  of  conductor  determined  the  head  pressure.  We 
observed  a  good  correlation  of  EHP  between  lab  extrusion  and 
commercial  high-speed  wire  coating  [13]. 

Figure  4  shows  the  dependency  of  head  pressure  with  screw 
speed.  For  a  given  screw  speed,  HDPE  showed  much  higher 
EHP  than  IPP.  Capillary  viscosity  (Figure  5)  and  entrance 
pressure  drop(EPD)  (Figure  6)  indicates  that  higher  EHP  for 
HDPE  compared  to  IPP  related  to  the  combined  effects  of  higher 
viscosity  at  the  extrusion  shear  rate  (~  1100  1/sec)  and  higher 
melt  elasticity  (as  determined  by  EPD). 


Figure  4.  Extrusion  screw  speed  vs.  extrusion  head  pressure  for 
the  resins. 


When  polymer  melt  enters  a  die  from  an  extruder  barrel  during  a 
wire  coating  process,  the  velocity  profile  starts  to  develop  and 
continuous  to  change  until  it  reaches  a  certain  distance  beyond 
which  flow  is  said  to  be  fully  developed.  This  transitional  stage 
(being  fully  developed)  results  in  pressure  drop.  For  a  given 
extrusion  condition,  the  more  elastic  melt  with  similar  shear 
stress  resulted  in  the  higher  EPD  [9].  In  this  sense,  the  shear 
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dependent  EPD  for  PE  is  very  similar  to  die  swell  which  is  the 
die  exit  behavior.  In  general,  there  is  a  good  correlation  between 
EPD  and  die  swell  for  PE  such  that  EPD  and  swell  increased  with 
increased  shear  rate  or  stress. 

There  is  a  good  correlation  in  EHP  between  HDPE  and  IPP  such 
that  higher  shear  viscosity  and  EPD  for  the  former  resin  showed 
higher  EHP.  Interestingly,  there  is  poor  relation  in  EHP  between 
IPP  and  nIPP  such  that  lower  viscosity  at  extrusion  shear  and 
lower  EPD  for  IPP  showed  higher  EHP.  The  MI  die  swell 
measurements  at  190  0  C  indicated  that  IPP  showed  much  higher 
swell  (181%)  than  nIPP  (131%).  We  confirmed  that  IPP  showed 
higher  shear  dependent  die  swell  than  nIPP.  For  a  given  MFR  and 
viscosity,  the  EHP  for  IPP  appears  to  be  dependent  on  die  swell. 

It  was  discussed  that  the  relaxation  mechanism  under  chain 
deformation  with  entrance  flow  differs  from  die  swell  at  die  exit 
even  though  both  parameters  have  been  commonly  used  as  a 
measure  of  melt  elasticity  [9].  Also,  the  effect  of  die  swell  on 
EHP  in  the  wire  coating  process  was  discussed  in  the  literature 
[13].  The  poor  correlation  between  EPD  and  die  swell  for  IPP 
and  nIPP  may  be  related  to  the  blend  nature  of  immiscible  two 
phase.  More  work  is  necessary  to  confirm  this  observation  of  the 
poor  correlation  in  IPP. 


10  1  00  1000  10000 


shear  rate(1/sec) 

Figure  5.  High  shear  capillary  viscosity  data 


240  440  MO  840  1040  1240 

Shear  rate  (1/sec) 


Figure  6.  Entrance  pressure  drop  for  the  resins 

During  the  high  speed  insulating  processes,  an  examination  of  a 
cross-section  of  insulated  wire  is  used  to  determine  the  extent  of 
eccentricity.  A  common  misconception  when  using  this  test 
method  is  to  assume  that  the  center  of  a  conductor  is  a  continual 
distance  from  the  center  of  the  construction  (Figure  7a).  Upon 
closer  examination  during  wire  coating  processing  conditions  that 
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favor  oscillatory  flow,  the  conductor  is  forming  a  helical  pattern 
within  the  insulating  medium  (Figure  7b).  In  order  to  identify  the 
root  cause  of  the  eccentricity,  the  extrusion  without  running  of  a 
conductor  was  performed  with  the  same  conditions  as  a  function 
of  screw  speed.  The  extent  of  helical  distortion  increases  with 
increased  speed  as  shown  in  the  extrudates(Figure  8).  This  helical 
flow  is  consistent  with  oscillatory  melt  fracture.  The  helical 
fracture  is  typical  for  PP  which  is  related  to  the  fracture  at  the  die 
entrance  (inlet  fracture)  [4].  IPP  showed  the  occurrence  of 
oscillatory  melt  fracture  even  at  low  screw  (=  20  RPM)  speed 
whereas  HDPE  and  nIPP  did  not  show  any  indication  of  the 
fracture  above  60  RPM,  which  is  limit  of  the  extrusion 


Figure  7.  A  schematic  diagram  for  the  eccentricity 


Figure  8.  Extent  of  helically  distorted  extrudates  with  increased 
screw  speeds:  10-20-30-47  RPM  from  top  to  bottom. 

Conclusions 

High  density  polyethylene  (HDPE)  has  predominantly  been  the 
polyolefin  of  choice  for  wire  insulation  in  Tele-Communication 
and  Data-Communication  cable  applications  for  years.  We 
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investigated  conventional  impact  PP  (IPP)  as  an  alternative 
polyolefin.  It  was  found  that  compared  to  HDPE,  IPP  showed 
structurally  narrower  MWD,  better  mechanical  strength,  high 
temperature  resistance,  better  dielectric  constant  and  reduced 
extrusion  head  pressure  but  poor  low  temperature  brittleness  and 
conductor  eccentricity.  The  eccentricity  of  a  wire  appeared  to  be 
associated  with  the  occurrence  of  oscillating  melt  fracture  from 
the  die  entrance  of  molten  IPP  (inlet  melt  fracture).  With  the 
employment  of  a  new  catalyst  and  reactor  conditions,  a  new  IPP 
(nlPP)  was  produced  with  improved  performance  in  LTB, 
mechanical  strength  and  the  elimination  of  melt  fracture  with 
high  shear  extrusion.  The  elimination  of  melt  fracture  from  IPP 
appears  to  be  related  to  the  phase  nature,  leading  to  enhanced 
EPD  at  low  shear  and  reduced  die  swell  .  Further  investigation  is 
necessary  to  inentify  the  phase  structure  of  nlPP,  compared  to 
IPP. 


References 


[1] .  Y.X.  Zhang,  IWCS  Proceedings,  p59(1990). 

[2] .  B.H.  Bersterd,  J.  Appl.polym.  Sci.,  28,  p2777  (1983). 

[3] .  J.S.  Borke,  IWCS  Proceedings  (1999). 

[4J.T.F.  Ballenger  and  J.L.  White,  J.  Appl.  Polym. 

Sci.,  1949(1 971). 

[5] .  I.B.  Kazatchkov  et  al.,ANTEC  Proceeding,  pi  180(1994). 

[6] .  G.A.  Bialas  and  J.L.  White,  Rubber  Chem.  Technol.  42, 
675(1969). 

[7] .  J.P.  Tordeller,  J.  Appl.  Polym.  Sci.,  7,  215  (1963). 

[8] .  F.N.  Cogswell,  Polymer  Melt  Rheology,  George  Godwin 

Limited  (1981). 

[9] .  C.  D.  Han,  Polymer  Processing,  Academic  Press  (1976). 

[10] .  A.R.  Scholtz  and  R.M.  Gendron,  J.  Macromol.  Sci-Chem,  8, 
175(1974). 

[11] .  J.R.  Fried,  F.E.  Karasz,  and  W.J.  MacKnight, 
Macromolecules,  11,150(1978). 

[12]  G.F.  Kenney,  Engineering  Properties  and  Applications  of 
Plastics,  John  Wiley  &  Sons,  Inc.,  P229  (1957)]. 

[13] .  Rideal,  G.  R.  and  Padget,  J.C.,  Polym.  Eng.  Sci.,  57,  1 
(1976) 


Authors 


Chun  D.  Lee 

Equistar  Chemicals,  LP 
Equistar  Technology  Center 
Cincinnati,  OH  45249 

Chun  Lee  received  his  Ph.  D.  degree  in  Polymer  Science  and 
Engineering  from  the  Case  Western  Reserve  U.  in  1984.  Chun 
joined  the  company  in  1984  and  is  currently  in  the  Product 
Development  group  within  the  Wire  and  Cable  Group  focusing 
on  the  Communications  Market  segment. 


Tim  S.  Schloemer 

Equistar  Chemicals,  LP 
Equistar  Technology  Center 
Cincinnati,  OH  45249 

Tim  Schloemer  received  his  Bachelor  of  Science  degree  in 
Materials  Engineering  from  the  University  of  Cincinnati  in  1994. 
Tim  joined  the  company  in  1992  and  is  currently  the  Applications 
Specialist  for  the  Wire  and  Cable  Group  providing  technical 
support  to  the  Communications  Market  segment. 


International  Wire  &  Cable  Symposium 


128 


Proceedings  of  the  51st  IWCS 


Design  of  New  Easy  Processing  High  Modulus  Compounds  for 

Fiber  Optic  Cable  Use 
Geoffrey  D.  Brown 
K.  P.  (Peter)  Pang,  Ph.D. 

Scott  H.  Wasserman,  Ph.D. 

The  Dow  Chemical  Company 
1  Riverview  Drive 
Somerset,  New  Jersey  08873 
+1-732-271-7958-  browngd@dow.com 


Abstract 

Novel  polyolefin  compounds  for  fiber  optic  loose  buffer  tube  and 
core  tube  applications  feature  an  improved  balance  of  high  modulus 
and  enhanced  extrusion  processing  characteristics.  One  new  higher 
modulus  material  with  good  toughness  and  improved  buffer  tube 
grease  compatibility  provides  an  advantaged  balance  of  properties 
for  the  buffer  tube  application.  Another  new  material  incorporating 
high  melt  strength  is  a  preferred  material  for  core  tube  (central 
tube),  slotted  cores,  and  similar  profile  extrusion  applications 
benefiting  from  improved  dimensional  control  and  reduced  melt 
sag.  Both  materials  also  provide  a  low  post  extrusion  shrinkage, 
which  contributes  to  reducing  optic  fiber  signal  attenuation  by 
minimizing  excess  fiber  length  associated  with  axial  compression  of 
the  fiber  core.  Key  application  performances  for  these  new 
materials  will  be  outlined  along  with  comparisons  to  materials 
currently  in  commercial  use. 

Keywords 

Fiber,  optic,  cable,  polyolefin,  buffer,  core,  slotted,  tube,  MDPE, 
HDPE,  PBT,  polypropylene,  polyethylene. 

1.  Introduction 

The  focus  of  early  development  efforts  on  optical  fiber 
telecommunications  cables  was  to  enhance  technical  performance, 
especially  the  improvement  of  optic  signal  attenuation.  Reduced 
signal  attenuation  would  provide  major  cost  and  performance 
advantages  by  increasing  the  short  spacing  between  optic  signal 
amplifiers  (also  known  as  repeaters).  In  addition,  optic  fiber  was 
expensive,  so  cable  designs  and  manufacturing  practices  were  also 
focused  upon  maximizing  fiber  yield  and  optimal  mechanical 
protection.  Dramatic  technical  evolution  occurred,  especially  with 
regard  to  the  development  of  improved  optical  fibers  and  fiber 
splices  providing  much  better  signal  attenuation,  but  also  with 
respect  to  cable  designs  and  materials  of  construction.  Signal 
attenuation  performance  was  dramatically  improved  as  a  result  of 
this  rapid  technical  evolution,  and  the  required  optic  signal  amplifier 
spacing  shifted  from  a  few  kilometers  in  the  early  80’s,  to  current 
capabilities  of  approximately  100  kilometers  between  amplifiers. 
In  addition,  there  has  been  a  dramatic  decrease  in  the  cost  of  the 


optic  fiber.  As  the  market  rapidly  grew  and  suppliers  substantially 
boosted  production  capabilities,  optic  cables  became  more  of  a 
commodity  product,  with  an  ever  increasing  emphasis  on 
cost/performance  optimization. 

Innovations  in  polyolefin  resin  and  formulation  technologies,  both 
by  material  suppliers  and  also  via  in-house  efforts  by  the  cable 
makers,  complimented  the  evolution  of  improved  optic  cable 
designs.  As  material  performance  needs  were  identified,  improved 
material  candidates  were  developed  through  application  of  polymer 
science  and  formulation  know-how.  An  early  example  of  optic 
cable  materials  innovation  was  the  1987  commercialization  of  a 
special  medium  density  polyethylene  (MDPE)  black  jacketing 
compound  (DHDA-8864  BK,  available  from  The  Dow  Chemical 
Corporation)  optimized  for  optic  cable  use.  When  evaluated  versus 
conventional  MDPE  jacketing  compounds,  this  material  provided 
substantially  improved  signal  attenuation  performance  during 
temperature  cycling  testing  of  optic  cables.  The  compound 
provided  this  result  via  a  novel  polyethylene  base  resin  that 
combined  excellent  low  temperature  modulus  properties  with  a  low 
post  extrusion  shrinkage  characteristic  to  minimize  the  axial 
compressive  stress  exerted  by  the  jacketing  on  the  cable  core.  After 
many  years,  this  low  stress  MDPE  jacketing  compound  continues  to 
be  the  preferred  optic  cable  jacketing  material  in  North  America. 
There  was  also  a  series  of  HDPE  black  jacketing  materials 
developments  (1,  2,  3)  that  achieved  low  compressive  stress  by 
minimizing  post  extrusion  shrinkage.  This  provides  several 
jacketing  material  selection  options  to  the  cable  designer  and  end 
users  providing  different  balances  of  toughness,  deformation  (crush) 
resistance  and  flexibility. 

Another  example  of  optic  cable  materials  evolution  is  the 
optimization  of  buffer  tube  materials  within  loose  buffer  tube  cable 
designs.  First  generation  products  incorporated  a  dual  layer 
polybutylene  terephthalate  (PBT)/nylon  buffer  tube  construction. 
This  was  supplanted  by  use  of  dual  layer  PBT/polycarbonate  and 
single  layer  PBT  designs.  More  recently,  there  has  been  substantial 
use  of  lower  cost  polyolefin  materials,  both  HDPE  and  nucleated 
impact  modified  polypropylene  (IMPP)  copolymers  (4,  5)  in  single 
layer  designs,  particularly  in  North  America.  In  comparison  to  the 
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PBT,  both  of  these  polyolefin  materials  provide  some  significant 
performance  advantages  including  substantially  improved 
flexibility,  kink  resistance  and  hydrolytic  stability,  along  with  a 
substantially  reduced  material  cost.  However,  PBT  provides 
substantially  higher  modulus/crush  resistance  and  better 
compatibility  (improved  retention  of  modulus)  with  the  hydrocarbon 
based  water  blocking  greases  used  to  fill  the  space  inside  the  tubes 
around  the  fibers.  Both  impact  modified  polypropylene  and  PBT 
provide  good  fabricating  characteristics  including  low  post  extrusion 
shrinkage  (to  minimize  excess  fiber  length),  good  surface 
smoothness  to  minimize  friction  against  the  transmission  fibers,  and 
adequate  cold  bend  and  cold  impact  performance  satisfying  the 
range  of  outdoor  installations.  Compared  to  the  IMPP,  the  HDPE 
shows  advantage  in  buffer  tube  grease  compatibility  but  exhibits  a 
substantially  increased  level  of  post  extrusion  shrinkage 
characteristic  that  must  be  carefully  accommodated  in  the  buffer 
tube  fabrication  process.  This  example  illustrates  the  complex 
balance  between  the  cable  design,  materials  selection  and 
interactions,  materials  cost  and  a  range  of  required  technical 
performances.  Commercial  use  is  currently  split  between  the  HDPE 
and  IMPP  polyolefins  and  PBT,  with  PBT  favored  for  applications 
requiring  higher  levels  of  crush  resistance,  particularly  in  the 
European  market. 

Also  evolving  in  functional  development  was  the  design  of  water¬ 
blocking  technology  in  the  loose  buffer  designs,  first  via  use  of 
improved  cable  greases  incorporating  super  absorbents.  Cable 
manufacturers  then  developed  dry  core  designs,  with  water-blocking 
provided  by  water  swellable  functionality  incorporated  into  yams, 
tapes,  loose  powders,  and  coatings  such  as  those  applied  to  the 
central  strength  member  (6,7).  The  dry  core  design  provided  a  craft 
friendly  product  substantially  reducing  installation  costs  while 


Figure  1.  Loose  buffer  tube  design.1 


sustaining  the  technical  advantage  of  a  strong  water  blocking 
capability. 

Core  tube  (also  known  as  central  tube)  designs  represent  another 
evolution  in  both  cable  design  and  compound  technology.  HDPE 
has  traditionally  been  the  material  of  choice  for  core  tubes. 
Although  the  HDPE  provided  fabrication  ease  and  relatively  good 
grease  compatibility,  commercial  use  has  evolved  toward  IMPP. 
The  original  incentive  for  the  move  to  IMPP  was  to  substantially 
boost  the  material  melting  temperature  to  avoid  undesired  fusing  to 
the  outer  black  jacketing  during  the  subsequent  jacketing  extrusion 
process.  However,  when  compared  to  the  HDPE,  the  impact 
polypropylene  also  provided  improvement  to  key  modulus/crush 
resistance  and  post  extrusion  shrinkage  performances.  There  was 
some  sacrifice  to  extrusion  fabrication  ease  and  dimensional  control 
due  to  the  low  melt  strength  and  increased  melt  sag  of  conventional 
impact  polypropylenes.  For  other  profile  extrusion  shapes  having 
increased  dimensional  control  requirements,  notable  the  various 
slotted  core  constructions,  continuing  use  of  polyethylene  has  been 
favored  since  conventional  impact  polypropylenes  lack  adequate 
melt  strength.  This  situation  offers  a  materials  development 
opportunity  for  the  core  tube,  slotted  core  and  other  optic  cable 
profile  extrusion  applications.  A  new  material  would  preferable 
have  the  desirable  melting  temperature  and  high  modulus 
performance  of  conventional  impact  copolymer  polypropylenes,  but 
would  incorporate  substantially  improved  melt  strength  to  enhance 
dimensional  control  in  the  profile  extrusion 

The  technical  evolution  is  a  dynamic  process,  with  cable  suppliers 
constantly  striving  to  reduce  cable  and  installation  costs  and/or  to 
enhance  application  performance.  This  creates  a  continuous 
demand  for  materials  development  yielding  improved 
cost/performance  in  existing  applications.  There  is  also  additional 
materials  development  opportunities  to  meet  changing  performance 
requirements  as  cable  designs  evolve. 

Novel  polyolefin  materials  providing  substantial  advantages  to  the 
buffer  tube  application  and  the  core  tube/slotted  core  profile 
extrusion  will  be  introduced  as  the  leading  edge  in  the  continuing 
cost/performance  optimization  of  optic  cable  materials.  A  new 
family  of  polyolefin-based  materials,  called  INSPIRE*  Performance 
Polymers,  has  been  developed  by  the  Dow  Chemical  Company. 
The  INSPIRE  Performance  Polymer  family  includes  two 
technology  platforms,  one  featuring  enhanced  melt  strength  for 
improved  processing  performance,  and  another  featuring  enhanced 
physical  properties  via  increased  stiffness  and  toughness  in  the  solid 
state.  As  we  discuss  buffer  tube  and  core  tube/slotted  core 
applications,  developmental  INSPIRE  Performance  Polymer 
products  will  be  used  to  illustrate  the  ability  to  design  molecular 
structure  to  deliver  the  desired  properties  for  next  generation 
products  for  both  application  areas. 


Copyright©  Coming  Cable  Systems  LLC,  all  rights  reserved, 
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2.  Buffer  Tube  Application 

The  following  performance  attributes  are  typically  required  for 

materials  used  in  loose  buffer  tube  cable  designs,  primarily  to 

minimize  signal  attenuation: 

-  Balance  of  high  stiffness  and  good  impact  strength.  Stiffness 
of  buffer  tube  assures  the  protection  of  fiber  optics  by  minimizing 
the  mechanical  stress  asserted  on  them  during  bending  of  FOC. 
However,  good  impact  strength  is  also  important,  particularly  for 
cable  installation  and  operation  colder  climates,  as  poor  cold 
impact  and  cold  bend  toughness  can  lead  to  mechanical  cracks  of 
buffer  tubes. 

-  Compatibility  with  gel  filling  compound.  Due  to  the  chemical 
composition  of  gel  filling  compounds,  which  are  usually 
petroleum  based,  buffer  tube  materials  will  absorb  the  lower 
molecular  weight  species  of  such  gels  and  result  in  deterioration 
of  mechanical  properties,  especially  modulus  affecting  tensile 
strength  and  crush  resistance.  Commercial  buffer  tube  materials 
like  impact  modified  polypropylene,  due  to  its  high  permeability, 
can  absorb  significant  amount  of  gel  filling  compounds  during 
condition  at  85oC  for  45  days  (according  to  Bellcore’s  GR-20- 
CORE  specifications,  section  6.3.4  on  “cable  material 
compatibility”)  (8).  Deteriorated  cmsh  resistance  can  lead  to 
signal  attenuation  when  FOC  is  subjected  to  environmental  stress 
during  its  operation. 

-  Minimized  excess  fiber  length  (EFL).  Buffer  tube  materials 
must  exhibit  low  shrinkage  after  fabrication  in  order  to  minimize 
EFL,  which  can  expose  fiber  optics  to  environmental  stresses 
during  installation  and  operation. 

-  Good  surface  smoothness.  Surface  roughness  of  buffer  tubes  can 
also  cause  signal  attenuation  since  fiber  optics  are  subjected  to 
friction  against  the  tube  when  the  cable  is  bent,  or  otherwise 
moved  or  mechanically  deformed. 

-  Good  processability.  High  production  rates  and  uniform  wall 
thickness  of  fabricated  buffer  tubes  are  optimal. 

2.1  New  Materials 

As  introduced  earlier,  polybutylene  terephthalate  (PBT)  and  HDPE 


and  impact  modified  polypropylene  (IMPP)  polyolefin  materials 
represent  the  state-of-the-art  materials  technology  for  the  loose 
buffer  tube  application.  These  polyolefin  materials  offer  some 
significant  advantages  versus  PBT,  such  as  better  impact  strength 
and  hydrolytic  stability.  However,  these  polyolefin  materials  have 
substantially  lower  crush  resistance  then  the  PBT  due  to  their 
decreased  modulus.  In  addition,  due  to  its  higher  permeability, 
IMPP  requires  the  use  of  specially  formulated  and  more  expensive 
gel  filling  compounds  to  minimize  the  amount  of  gel  absorbed  by 
the  buffer  tube  material.  Thus,  the  lower  material  cost  of  IMPP  can 
be  negated  by  the  higher  cost  of  gel  filling  compounds,  such  that  the 
system  cost  (buffer  tube  plus  gel)  when  using  IMPP  may  not  be 
very  different  in  system  cost  than  a  PBT-based  system  for  the  FOC 
manufacturers. 

Due  to  the  advances  in  polymerization  and  material  technologies, 
new  PP  materials  are  being  introduced  that  offer  a  combination  of 
good  impact  toughness  with  substantially  higher  modulus  then 
IMPP.  These  materials,  developed  as  part  of  the  INSPIRE 
Performance  Polymer  platform  by  The  Dow  Chemical  Corporation, 
offer  high  strength  and  toughness  with  the  advantages  of  high 
modulus  that  is  similar  to  PBT  and  improved  toughness  that  is 
comparable  to  IMPP.  Shown  in  Table  1  is  a  comparison  of  the 
material  properties  of  INSPIRE  PP1,  PBT  and  IMPP.  INSPIRE 
PP1  is  a  developmental  material,  not  yet  commercially  available. 
The  sample  referred  to  as  PBT  in  this  comparison  was  Celanex 
2001,  available  commercially  from  Ticona,  and  IMPP  was  Acctuf 
3240,  available  commercially  from  BP  Amoco. 

2.2  Gel  Compatibility 

Due  to  a  higher  hydrocarbon  permeability  than  PBT,  the  absorption 
of  gel  filling  compounds  by  IMPP  can  severely  affect  its  cmsh 
resistance  after  gel  exposure  at  condition,  85  degrees  C  for  45  days, 
as  specified  in  Bellcore’s  GR-2-CORE  standard.  This  deterioration 
of  crush  strength  can  lead  to  signal  attenuation  when  fiber  optic 
cables  are  subjected  to  external  stresses. 

Two  gel-based  buffer  tube  filling  compounds  available 
commercially  in  North  America  from  the  Stewart  Group  were  used 
in  this  study.  LA444  is  typically  used  for  PBT  and  HDPE  materials, 


Table  1.  Key  Property  Comparison  for  Buffer  Tube  Material  Candidates. 


Properties 

Test  Method 

INSPIRE  PP1 

PBT 

IMPP 

Specific  Gravity 

ASTM  D792 

0.90 

1.31 

0.90 

Melt  Flow  Rate,  2.16 
kg  at  230  °C,  g/lOmin 

ASTM  D1238 

4.8 

6.5 

5.0 

Flexural  Modulus,  at 

23  °C,  MPa 

ASTM  D790 

1,731  -  2,172 

2,276 

1,310 

Izod  Impact  Strength, 
at23°C,  J/m 

ASTM  D256 

64-214 

55 

approx.  200 
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while  K550  is  intended  for  IMPP.  To  model  the  crush  resistance  of 
buffer  tube  materials,  coated  wire  samples,  using  a  14  gauge  copper 
conductor,  were  used  to  compare  different  buffer  tube  compound 
materials.  The  wire  samples  had  an  outside  diameter  of  ca.  3.3  mm 
(0.13”)  and  a  wall  thickness  of  0.76  mm  (0.03”).  Prior  to  aging 
buffer  tubes  in  gel  filling  compounds,  the  copper  conductor  was 
removed  from  wire  samples  by  drawing  down  the  conductor.  After 
aging,  wire  samples,  with  their  surface  cleaned  of  gel  compound, 
were  cooled  down  to  room  temperature  (ca.  23oC).  Drawn  down  14 
gauge  copper  conductor  (with  diameter  of  ca.  1.5  mm)  was  then 
inserted  into  wire  samples  for  crush  resistance  testing. 

As  shown  in  Figure  2,  crush  resistance  was  tested  by  measuring  the 
load  required  to  crush  through  a  wire  sample.  The  jig  had  a  width 
of  about  1  mm  and  was  traveling  at  25  mm/min.  The  inserted 
copper  conductor  was  intended  to  short-circuit  the  Instron  machine 
as  the  jig  came  into  contact  with  it,  thus  protecting  the  load  cell. 
The  reported  value  for  each  material  was  an  average  of  five 
samples.  Standard  deviation  of  test  results  was  about  10%. 


short  circuit  Instron  (to 
protect  load  cell) 


Figure  3.  Gel  compatibility  comparison. 


tested  for  1%  secant  modulus  (at  25  mm/min).  As  shown  in  Figure 
4,  the  INSPIRE  PP I  material  had  much  higher  modulus  than  IMPP 
when  conditioned  in  either  LA444  or  K550  gel  filling  compounds. 


Figure  4.  Gel  absorption-stiffness  comparison. 


Figure  2.  Crush  resistance  test. 

As  shown  in  Figure  3,  INSPIRE  PP1  had  substantially  higher  crush 
resistance  than  IMPP  after  45  days  of  aging  in  either  the  LA444  or 
K550  gels.  The  less  aggressive  K550  gel  showed  the  expected 
advantage  for  the  conventional  IMPP.  The  high  strength  and 
toughness  INSPIRE  PP1  compound-based  sample  exhibited  a 
substantial  advantage  in  crush  resistance  versus  the  IMPP  and 
achieved  the  targeted  performance  of  providing  improved  crush 
resistance  in  combination  with  the  lower  cost  LA444  gel  versus  the 
conventional  IMPP  with  the  K550  gel. 

In  addition  to  crash  resistance,  we  can  demonstrate  the  gel 
compatibility  of  buffer  tube  materials  by  measuring  its  modulus. 
The  same  extruded  wire  samples  used  for  crush  resistance  were  also 


Results  from  these  gel  compatibility  studies  indicate  that  INSPIRE 
PPl-type  compounds  will  maintain  excellent  crush  resistance  and 
stiffness  after  exposure  to  various  gel  filling  compounds  at  85 
degrees  C  for  45  days.  More  importantly,  INSPIRE  PP  materials 
can  be  used  with  less  expensive  gel  filling  compounds  that  are 
intended  for  PBT,  thus  offering  substantial  total  system  economic 
benefits  for  FOC  manufacturers. 

2.3  Other  Physical  Properties 

In  addition  to  improved  performance  in  gel  compatibility,  INSPIRE 
PP1  also  demonstrates  comparable  performance  in  post  extrusion 
shrinkage  and  surface  smoothness  to  PBT  and  IMPP,  as  shown  in 
Table  2.  Post  extrusion  shrinkage  on  wire  samples  was  measured 
by  conditioning  wire  samples  in  a  convention  air  oven  at  100 


Table  2.  Extrusion  Fabrication  Benchmarking  Showing  Good  Surface  Smoothness  and  Post 

Extrusion  Shrinkage  Performance 


Buffer  Tube  Materials 

Shrinkage  after  24  hr  at 
100  °C  (%) 

Smoothness  (micron) 

INSPIRE  PP1 

1.37  ±0.02 

2.7  ±0.6 

PBT 

1.52  ±0.07 

1.5  ±0.5 

IMPP 

1.41  ±0.02 

3.6  ±0.6 
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degrees  C  for  24  hr.  Surface  smoothness  of  wire  samples  was 
measured  by  Surftest  SV-400  profilometer. 

3.  Profile  Extrusion-Type  Applications 
3.1  Core  Tube  Design 

Figure  5  illustrates  a  typical  core  tube  cable  design.  In  this  design, 
the  transmission  fibers  are  typically  included  as  fiber  bundles  or 
ribbon  cables  positioned  at  the  center  of  the  cable  core.  They  are 
surrounded  by  core  tube  containing  cable  grease  for  water  blocking 
protection.  The  core  tube  contributes  to  crush  resistance  in 
combination  with  the  outer  jacketing  and  strength  member 
reinforcement. 


^  coretuoe 
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WTTM  COLOR 
COOED  8M0ERS 

Figure  5.  Core  Tube  Design.2 

Many  of  the  requirements  for  core  tube  are  similar  to  those  for  the 

optic  buffer  tube  application: 

-  Good  surface  smoothness.  Important  to  minimize  frictional 
force  between  fiber  bundles  or  fiber  ribbon  cables  components 
and  the  inner  surface  of  the  core  tube,  especially  when  cable  is 
bent,  or  otherwise  moved  or  mechanically  deformed. 

-  Low  post  extrusion  shrinkage.  Core  tube  design  provides 
some  advantage  in  accommodating  increased  shrinkage  versus 
buffer  tube  design. 

-  Good  crush  and  deformation  resistance  contributing  to  the 
protection  of  fiber  optics  against  mechanical  stresses. 

-  Good  compatibility  with  core  tube  greases,  especially  in  terms 
of  retention  of  modulus  and  crush  resistance. 

-  Good  dimensional  control  with  minimal  sag  during  extrusion 
and  cooling 

-  Good  cold  bend  and  cold  impact  properties  to  provide  good 
application  toughness  for  installation  and  use  in  cold  climates 

-  High  melting  temperature  to  minimize  potential  for 
melting/fusing  during  outer  jacket  extrusion 


-  Good  extrusion  capability.  High  speed  capability  with  good 
surface  smoothness  and  dimensional  control. 

High  density  polyethylene  was  originally  used  in  the  core  tube 
application,  but  there  was  increasing  use  of  IMPP  copolymer 
starting  in  the  early  1990s  as  a  result  of  a  number  of  technical 
considerations.  These  included  an  increased  melting  point  which 
reduced  the  potential  for  any  undesirable  fusing  of  the  core  tube  to 
the  outer  black  jacket  during  the  jacketing  extrusion  process, 
reduced  post  extrusion  shrinkage  for  reduced  EFL  and  signal 
attenuation  and  higher  modulus/deformation  resistance.  These 
advantages  overcame  a  trade-off  in  extrusion  capability  relating  to 
the  low  melt  strength  of  conventional  IMPP  material. 

Novel  INSPIRE  materials  having  substantially  improved  melt 
strength  and  extrusion  capabilities  have  been  introduced.  These 
high  melt  strength  materials  have  been  an  excellent  fit  to 
applications  such  as  blown  film,  foamed  sheet  and  the  optic  cable 
core  tube  and  slotted  core  extrusion  profile  applications.  A  high 
impact  grade,  D1 13.01  has  been  developed  for  use  in  optic  cable 
applications.  Figure  6  shows  the  enhanced  melt  strength  for 
D1 13.01  versus  a  comparative  conventional  IMPP. 

The  melt  strength  data  presented  was  generated  using  a  capillary 
rheometer  coupled  to  a  Rheotens  apparatus.  Samples  were 
equilibrated  at  190°C  and  the  melt  extruded  a  1.0  inch/minute  piston 
speed.  The  Rheotens  nip  rolls  are  located  100  mm  below  the 
capillary  die  and  are  accelerated  at  a  rate  iof  2.4  mm/sec2.  Tensile 
force  is  recorded  as  a  function  of  nip  roll  take-off  speed.  The 
maximum  tensile  force  attained  is  defined  as  the  melt  strength, 
recorded  in  centi-Newtons  (cN).  Drawability  is  defined  as  the 
speed  at  which  the  maximum  tensile  force  was  achieved. 

The  substantial  improvement  in  melt  strength  provides  the  cable 
manufacturer  a  significant  improvement  in  fabrication  extrusion  and 
dimensional  control  that  is  very  advantageous. 


2  Copyright©  OFS  Brightwave,  all  rights  reserved,  reprinted  with 
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Table  3.  Comparison  of  Critical  Physical  Properties  for  D113.01  and  Conventional  IMPP. 


H|| if 

Melt  Flow  Rate, 

230°C/2.16  kg 

ASTM  D  1238 

g/10  min 

0.9 

1.5 

Specific  Gravity 

ASTM  D  792 

g/cm3 

0.90 

0.90 

Flexural  Modulus; 

(0.05  in/min,  1%  secant) 

ASTM  D  790A 

psi 

148,000 

140,000 

Tensile  Strength  @  Yield 

ASTM  D  638 

MPa 

19.5 

22.0 

Ultimate  Elongation 

ASTM  D  638 

% 

>500 

>500 

Table  3  compares  the  D1 13.01,  commercially  available  from  the 
Dow  Chemical  Company,  to  a  conventional  IMPP  previously  used 
in  core  tube  applications.  This  high  melt  strength  product,  D 
113.01,  is  providing  good  commercial  performance  in  core  tube 
applications. 

3.2  Slotted  Core  Design 

Figure  6  illustrates  a  typical  slotted  core  cable  design.  The 
performance  requirements  are  very  similar  to  those  for  core  tube 
use,  although  the  balance  of  properties  is  slightly  shifted.  The  more 
complex  slotted  core  shape  includes  radial  fins  providing  the  slots 
for  holding  the  optic  fibers. 

The  need  to  tightly  control  the  shape  of  these  fins  increases  the  need 
for  good  melt  strength  during  the  profile  extrusion  process,  as  well 
as  tight  control  of  the  elastic  portion  of  the  polymer  rheology.  In 
particular,  there  is  a  need  for  minimal  sag  of  the  fins  during 
extrusion  and  subsequent  cooling  in  the  water  troughs.  On  the 
other  hand,  the  strength  central  member  greatly  reduces  post 
extrusion  shrinkage  because  it  provides  high  compression  resistance 
when  the  slotted  core  profile  is  extruded  over  it  to  form  a  composite 
structure.  Hence,  the  performance  balance  favors  high  melt 
strength  with  minimal  sag,  with  less  concern  about  post  extrusion 
shrinkage,  and  this  has  traditionally  favored  the  continued  use  of 
polyethylene  materials  in  this  application.  The  new  D1 33  high 
melt  strength  product  is  a  strong  candidate  for  this  application  by 
providing  good  dimensional  control  during  extrusion  of  the  slotted 
core  profile  while  contributing  increased  deformation  resistance  to 
the  finished  product.  Slotted  core  evaluations  are  being  pending  and 
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Figure  7.  Slotted  Core  Design 


will  be  reported  in  the  near  future. 

4.  Conclusions 

Novel  developmental  INSPIRE  products  featuring  high  melt 
strength  or  high  strength  and  toughness  offer  good  potential  to 
advance  overall  cost/performance  improvements  in  key  optic  cable 
applications.  For  buffer  tube  use,  high  modulus/high  toughness 
materials  bring  substantially  improved  crush  resistance  and  cable 
grease  compatibility  versus  medium  impact  polypropylenes  now  in 
use.  Enhanced  compatibility  with  the  less  expensive  buffer  tube 
filling  gels  offer  system  cost  advantages  compared  to  existing  PBT 
use,  as  well  as  advantages  compared  to  conventional  IMPP  which 
require  higher  viscosity,  and  higher  priced,  gels. 

For  optic  core  tube  (center  tube)  and  slotted  core  applications, 
novel  high  melt  strength  polypropylenes  offer  good  extrusion 
characteristics  with  minimal  sag  characteristics,  while  bringing  the 
desirable  high  modulus  and  corresponding  crush  resistance  of  the 
polypropylene  materials.  These  materials  have  also  demonstrated 
the  needed  balance  of  other  performance  characteristics  such  as 
good  surface  smoothness,  low  post  extrusion  shrinkage  contributing 
to  excess  fiber  length  and  signal  attenuation,  and  sufficient  cold 
impact  performance  for  outdoor  installation  and  use  in  cold 
climates. 

5.  Acknowledgements 

The  authors  gratefully  acknowledge  the  assistance  of  Dow 
Chemical  Company  research  and  technical  service  personnel, 
principally  Alan  Whetten,  Lisa  Madenjian,  and  Marie  Hare  for  their 
support  throughout  this  work.  The  assistance  by  Brian  Thiffault  of 
the  Stewart  group  in  the  evaluation  of  buffer  tube  filling  gels  is  also 
appreciated. 

6.  References 

[1]  Aldhouse  S.T.E.,  McMahon  D.,  Robinson  J.E.,  “Problems 
and  Opportunities  in  the  Use  of  ‘Short  Relaxation’  Linear 
Polymers  in  Telecommunication  Cable  Applications”, 
Proceedings  of  Fourth  International  Conference;  Plastics  in 
Telecommunications,  1986,  pp.  32.1-32.12. 

[2]  Rogestedt  L.,  Martinsson  H.B.,  “A  New  Generation 
Polyethylene  Resins  For  Cable  Jacketing  Applications, 
Proceedings  of  the  47,h  IWCS,  1 999,  pp.  1 26- 1 3 1 . 


International  Wire  &  Cable  Symposium 


134 


Proceedings  of  the  51st  IWCS 


[3]  Chen  T.,  Leech  J.  R.,  “Design  of  Polyethylene  Cable 
Jacket  Compounds  of  Superior  Jacketing  Performance”, 
Proceedings  of  the  48th  IWCS,  1999,  pp.  807-814. 

[4]  Adams  M.,  Holder  J.,  McNutt  C.,  Tatat  O.,  Yang  M.,  “Buffer 
Tubes:  The  Next  Generation”,  Proceedings  of  the  44th  IWCS, 
1995,  pp.  16-21. 

[5]  Yang  H.M.,  Holder  J.M.,  McNutt  C.W.,  “Polypropylene- 
Polyethylene  Copolymer  Buffer  Tubes  for  Optical  Fiber 
Cables  and  Method  for  Making  the  Same”,  United  States 
Patent  #5,574,8 16,  November  12, 1996. 

[6]  Clybum  III  C.  E.,  Bringuier  A.  G.,  “A  Dry  Core  Loose 
Tube  Cable  for  Outside  Environments”,  Proceedings  of  the 
44th  IWCS,  1995,  pp.  29-36. 

[7]  Gaillard  P.,  McNutt  C.,  Holder  J.,  Bouvard  A,  and  Tatat  O., 
Signicant  Improvement  of  Loose  Tube  Cable  Splicability 
Based  on  New  Cable  Dry  Design”,  Proceedings  of  the  45th 
IWCS,  1996,  pp.  353-358. 

[8]  Bellcore,  “Generic  Requirements  for  Optical  Fiber  and 
Optical  Fiber  Cable,  GR-20-CORE”,  Issue  2,  July  1998. 


Dr.  K.  P.  (Peter)  Pang  is  a  scientist  in  the  Wire  &  Cable 
Compounds  R  &  D  of  The  Dow  Chemical  Company  and  is 
responsible  for  research  and  product  development  of  buffer  tube 
compounds  for  fiber  optic  cables,  and  insulation  and 
semiconductive  compounds  for  power  cables.  He  earned  his 
Chemical  Engineering  degrees  from  University  of  Wisconsin, 
Madison  and  Princeton  University,  and  his  MBA  from  Indiana 
University. 


Mr.  Geoffrey  D.  Brown  is  a  scientist  is  the  Telecommunications 
Wire  and  Cable  Materials  Research  Group  of  The  Dow  Chemical 
Company.  He  earned  his  BS  and  MS  in  Mechanical  Engineering 
at  Bucknell  University  in  Lewisburg,  Pennsylvania.  He  has 
extensive  wire  and  cable  materials  development  experience  across 
a  broad  range  telecommunications  and  flame  retardant  wire  and 
cable  applications.  Current  assignments  include  project  leader  for 
development  of  INSPIRE  performance  products  for  telecom  wire 
and  cable  applications. 


Dr.  Scott  H.  Wasserman  is  the  Global  Technology  Leader  - 
Telecommunications,  in  the  Wire  &  Cable  Compounds  business 
of  The  Dow  Chemical  Company.  He  received  his  Ph.D.  in 
Chemical  engineering  from  Princeton  University  in  1993  and  his 
BChE  degree  in  Chemical  Engineering  from  the  University  of 
Delaware  in  1988.  Dr.  Wasserman’s  expertise  includes  the 
rheology  of  polyolefin  melts  and  the  design  of  polyolefin-based 
compounds  for  fiber  optic  cable  components,  wire  and  cable 
jackets,  and  solid  and  foamed  insulation  applications. 


International  Wire  &  Cable  Symposium 


135 


Proceedings  of  the  51st  IWCS 


The  Power  of  Performance  Additives 

W.  Mark  Stewart 

PolyOne 

6521  Davis  Industrial  Blvd. 

Solon,  Ohio  44139 
Phone:  440-715-7000 
Fax:  440-715-7070 
Mark.Stewart@PolyOne.com 


Abstract 

This  paper  explores  the  incoiporation  time  of  Performance 
Additives  (prepared  rubber  chemicals  or  pre-dispersions  of  rubber 
chemicals,  and  colorants)  with  dry  powders.  The  value  of 
Performance  Additives  in  compounding  and  mixing  will  be 
demonstrated  in  formulations  based  on  several  different  polymers. 
Some  of  the  functions  of  these  materials  include  reducing 
manufacturing  time,  improving  the  worker  environment,  driving 
consistency,  and  providing  a  safe  means  of  handling  difficult  raw 
materials.  “Right  engineering”  of  a  solution  will  be  covered  as 
we  delve  into  the  sometimes-overwhelming  number  of  options 
available  to  compounders  and  plant  chemists. 

Keywords 

Prepared  chemicals;  additives;  concentrates;  performance 
additives. 

1.  Introduction: 

Performance  Additives  provide  a  variety  of  benefits,  but  the 
selection  may  seem  overwhelming  at  times.  To  select  the  “best” 
one  a  clear  definition  of  the  desired  outcome  must  be  envisioned. 
A  systematic  approach  is  necessary.  Common  objectives  include 
the  following:  Cleanliness,  Dispersion,  Color  Control,  Ease  of 
Handling,  Ease  of  Incorporation,  Consistency,  Better  Throughput 
and  /  or  Precise  control  of  critical  ingredients.  Envision  the  result 
needed  for  a  particular  application  in  order  to  work  toward  the 
solution.  An  initial  review  of  the  available  forms  builds  the 
foundation  for  this  work. 


2.  The  Power  of  Performance  Additives 

2.1  Additives  Types 

2. LI  Pre-weighed  Materials .  Critical  compound  components, 
such  as  the  cure  system,  are  often  pre-weighed.  This  technology 
may  be  simple  as  off-site  hand  weighed  components.  Low  melt 
point  bags  are  used  and  the  unit  is  added  directly  into  an  internal 
mixer.  This  technology  is  no  different  than  the  compounding 
methods  the  industry  has  employed  for  years.  The  prime  benefit 
of  this  approach  is  direct  labor  reduction. 

When  the  multi-components  are  pre-blended  on  a  large  scale, 
improved  uniformity  can  be  expected.  During  the  blending 
operation,  oil  may  be  added  to  reduce  dust  loss  when  the  bag  is 
broken  in  a  mixer  and  pre-wet  powders  may  incorporate  faster. 

When  a  specified  system  contains  reactive  components,  the 
reactive  material  is  separately  weighed  and  packaged.  This  bag  is 


sealed  and  added  to  the  balance  of  the  system.  Thus,  the  unit 
becomes  a  bag  within  a  bag. 

This  technology  provides  the  following  benefits: 

1 .  Improved  product  uniformity  and  process  control 

2.  An  “environmentally  friendly”  package 

3.  Labor  reduction  by  eliminating  a  compounder 

4.  Reduced  work,  downgrading  or  scrap 


2,L2  Dust-suppressed  powders.  Dust-suppressed  powders  are 
materials  that  have  been  treated  to  make  them  less  dusty.  The 
most  common  treatment  is  wetting  the  powders  with  an  oil  or 
plasticizer.  Several  issues  are  important  in  fluid  treatment. 
Fluid  selection  should  be  governed  by  the  intended  application. 
Obviously,  a  compatible  fluid  is  required  to  achieve  a  reasonable 
incorporation  time  during  mixing.  Incompatible  fluids  may  bleed 
and  cause  fabrication  problems  and  an  unacceptable  final  product. 
Regulatory  considerations  are  also  important  if  the  final  product  is 
a  medical  device,  FDA  regulated  or  a  NSF  governed  product. 
Complete  powder  treatment  is  needed  for  effective  dust 
suppression.  Over-treatment  can  lead  to  re-massing  and  handling 
problems.  Commonly,  fluid  addition  levels  range  from  4%  to 
20%.  Since  fluid  application  is  performed  in  low  to  medium 
intensity  mixers,  the  particle  size  and  agglomeration  of  the 
original  powder  critically  affects  dispersion  quality. 

Moisture  sensitive  materials  are  afforded  a  degree  of  protection  by 
oil  treatment.  Magnesium  oxide  and  calcium  oxide  are  commonly 
treated  with  oil.  These  products  may  have  a  bead-like  appearance 
or  if  heavily  treated  to  a  paste  consistency,  they  may  be  extruded 
into  bar  forms. 

Dust  suppression  reduces  direct  material  contact,  inhalation 
hazards  and  in-process  material  loss  to  dust  collectors.  Plant 
effluent  streams,  such  as  packaging  residue  and  contaminated 
clothing,  are  also  reduced  by  treated  powders. 

Since  fluid  treatment  may  be  performed  in  powder  mixing 
equipment,  an  opportunity  to  manufacture  powder  blends  is 
present.  Critical  compound  components,  such  as  cure  systems, 
flame  retardant  systems  and  multi-pigment  colorants,  are  often 
prepared  as  pre-blends.  The  main  constraint  for  multi-component 
blends  is  chemically  compatible,  non-reactive  components.  These 
pre-blends  are  often  customer  specified,  proprietary  compositions. 

Pre-blends  reduce  the  number  of  weighings  by  compounders. 
Therefore,  labor  reduction  may  be  possible  in  large  plants.  Large 
scale  powder  blending  can  improve  blend  composition 
uniformity.  This  often  yields  improved  process  and  product 
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uniformity.  Improved  uniformity  normally  translates  into 
improved  quality  and  reduced  manufacturing  costs.  These  are 
measurable  benefits. 

2 A3  Encapsulations .  The  processes  used  to  encapsulate 
powders  are  very  similar  to  fluid  treatment  processes.  The  major 
difference  is  the  composition  of  the  additive.  The  composition  of 
the  encapsulating  material  is  dictated  by  the  same  concerns  noted 
for  dust-suppressed  powders  —  compatibility  and  regulator 
constraints.  Since  these  products  are  mixed  in  the  same  type  of 
low  to  medium  intensity  equipment  which  is  used  for  the 
previously  described  product  form,  the  particle  size  and 
agglomeration  of  the  basic  powder  component(s)  is  important. 

Early  encapsulated  products  were  wax  treated.  This  was  common 
in  the  lead  oxide  market.  Obviously,  lead  products  are  prime 
candidates  for  treatment  due  to  their  health  hazards.  However, 
waxes  frequently  exhibit  compatibility  problems  with  polymers. 
Therefore,  mixing  and  bloom  problems  may  be  encountered. 
During  mixing,  waxes  tend  to  coat  the  surfaces  of  mixing 
equipment  and  lubricate  compounds.  Thus,  these  materials 
reduce  shear  input  and  extend  the  mixing  time.  Since  waxes  are 
thermoplastic,  they  may  cause  re-massing  of  the  treated  powder,  if 
the  product  is  subjected  to  heat.  Handling  problems  occur  when 
this  happens. 

A  number  of  year’s  ago,  a  polymer  and  fluid  based  encapsulation 
system  was  developed  to  address  the  above  concerns.  These  are 
polymer  bound  powder  products.  Single  component  or  customer 
specified,  chemically  compatible,  non-reactive  systems  are 
available.  These  systems  have  overcome  the  deficiencies  of  wax 
or  thermoplastic  material  encapsulations. 

Polymer  encapsulated  powder  products  are  completely  dust-free 
and  do  not  cling  to  packaging  or  handling  equipment.  Thus,  in- 
process  losses  are  substantially  reduced  and  the  product  form  is 
“environmentally  friendly”.  Due  to  their  polymer  content,  they 
are  not  thermoplastic.  Therefore,  re-massing  is  eliminated. 
Additionally,  they  have  an  affinity  for  compounds,  not  mixing 
equipment  surfaces.  Plate-out  on  the  surfaces  of  mixing 
equipment  is  eliminated  and  mixing  efficiency  is  maintained. 

Properly  handled,  mixing  times  can  be  dramatically  reduced  and 
mill  pan  or  internal  mixer  throat  sweeps  can  be  eliminated.  These 
products  have  the  appearance  of  finely  ground  rubber.  Their 
small  particle  size  facilitates  distributive  mixing.  The  rapid 
incorporation  of  Polymer  encapsulated  powders  has  facilitated 
changes  in  mixing  procedures  and  resultant  cost  savings.  Some 
have  introduced  cure  components  late  in  a  single  pass  mix  to 
eliminate  two-pass  mixing  requirements.  If  the  cure  system  has  a 
very  short  scorch  time,  the  compound  may  require  some  cooling 
before  the  curative(s)  can  be  added.  This  may  be  achieved  on  the 
drop  mill  below  the  internal  mixer.  Compared  with  dry  powders, 
some  have  seen  incorporation  times  on  a  2 -roll  mill  reduced  by 
over  50%  with  Polymer  encapsulated  powder  substitution.  These 
are  measurable  manufacturing  cost  reductions. 


2 A. 4  Absorbed  “Liquids”  -  Dry  Liquid  Powders .  A  low 
melting  solid  or  viscous  liquid  is  difficult  to  handle  and  mix. 
Often,  the  material  must  be  heated  to  handle,  thus  creating  a 


safety  hazard.  Liquid  addition  during  mixing  tends  to  lubricate 
compounds  and  reduce  shear  input.  When  liquids  are  added,  they 
must  be  added  slowly  to  maintain  effective  mixing.  Such 
materials  are  often  absorbed  on  high  surface  area  carriers.  The 
final  product  handles  like  an  “oiled”  powder.  Carrier  selection 
may  be  tailored  to  the  final  application.  Products  utilizing  fumed 
silicas  or  diatomaceous  earth  can  achieve  60  to  75%  activity. 
Unfortunately,  these  carriers  are  prone  to  moisture  pick  up. 
Unless  the  carriers  are  dried  prior  to  use,  moisture  is  expected. 
For  moisture  sensitive  materials  or  applications,  calcined  clays 
may  be  used.  They  are  not  as  prone  to  moisture  pick  up.  Due  to 
their  lower  surface  area,  final  products  are  typically  30%  to  40% 
active.  Some  of  the  common  material  handled  in  this  fashion  are 
petroleum  oils,  ester  plasticizers,  low  softening  point  resins  (pine 
tar,  rosin,  coumarone-indene,  phenolic,  etc.),  waxes,  low 
molecular  weight  liquid  elastomers,  adhesion  promoters,  silane 
coupling  agents,  co-agents  and  peptizers. 

Some  of  the  benefits  of  the  above  technology  include: 

1 .  Improved  handling 

2.  More  accurate  weighing  and  addition 

3.  Reduced  packaging  losses 

4.  Improved  mixing 

2.7.5  Partitioned  “ Solids ”  Lower  melt  point  solids,  such  as 
tackifmg  resins,  are  often  supplied  in  drums.  Due  to  their  low 
melt  point,  the  material  is  one  large  mass.  To  handle  these 
materials,  they  must  be  broken  or  crushed  into  small  particles  that 
can  be  weighed  and  mixed.  Unless  the  particles  are  partitioned, 
they  will  re-mass.  Partitioning  agents  are  usually  clay, 
precipitated  silica  or  diatomaceous  earth.  The  prime  benefit  of  this 
form  is  improved  handling  which  translates  into  reduced  labor 
costs  and  decreased  health  and  safety  issues. 


2 A. 6  Polymer  based  Dispersions .  The  key  factors  that 
determine  dispersion  quality  are  the  raw  material  quality,  the 
dispersion  formulation,  processing  equipment  and  mixing 
procedure.  A  polymer  based  binder  system  (continuous  phase) 
should  be  of  sufficient  viscosity  at  processing  temperature  to 
ensure  adequate  shear  input  to  attain  good  deagglomeration  and 
uniform  dispersion.  The  pre-dispersion  must  be  soft  enough  at 
processing  temperatures  to  attain  good  distributive  mixing  in  the 
final  compound.  The  binder  system  should  also  be  non-reactive 
polymer  that  is  compatible  with  the  final  compound  and  it’s 
application.  For  these  reasons,  dispersions  based  on  NR,  SBR, 
NBR,  EPR,  EPDM,  EPDM/EVA,  CPE,  CR,  PVC,  various  other 
thermoplastic  polymers,  or  customer  specified  polymer  grade 
and/or  source  may  be  required.  Single  component  dispersions  are 
the  most  common,  however,  multi-component  dispersions  are 
produced  to  customer  specification.  These  dispersions  are  limited 
to  non-reactive  compositions. 

Some  of  the  benefits  obtained  when  powders  are  replaced  with 
polymer  based  dispersions  include: 

1 .  Improved  material  handling 

2.  Reduced  mixing  time  (Mixing  is  distributive  rather  than 
dispersive.) 

3.  Improved  product  &  process  uniformity  when  a  multi- 
component  dispersion  is  used 
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4.  Reduced  in-process  material  shrinkage 

5.  Lower  scrap  and/or  downgraded  product 

6.  Improved  environmental  conditions  (Both  direct  contact  & 
indirect  contact  are  reduced.) 

2.1.7  Paste  Dispersions.  Chemical  or  color  paste  dispersions  are 
often  used  in  very  low  viscosity  compounds  to  achieve  good 
dispersion  and  distributive  mixing.  The  same  constraints  are 
present  with  paste  dispersions  as  were  noted  for  all  previous 
systems.  Fluid  selection  and  multi-component  limitations  are 
important.  Paste  dispersions  can  range  from  fairly  low  viscosity 
products  that  are  pumped  and  metered  to  products  so  viscous,  they 
are  extruded  as  bar  forms. 

Dispersion  quality  should  be  specified  to  ensure  adequate  quality 
for  the  final  application.  Generally,  paste  dispersion  cost  is 
directly  related  to  the  quality  of  dispersion  specified.  Paste 
dispersion  quality  or  deagglomeration  may  be  measured  by  the 
Hegman  NS  Grind  test  (ASTM  D-I210).  This  simple  test 
measures  the  maximum  residual  particle  size  and  expresses  it  as  a 
number  between  0  (100  microns)  to  8  (0  microns). 

Among  the  benefits  noted  with  the  use  of  single  or  multi- 
component  paste  dispersions  are  the  following: 

1.  Improved  dispersion  and  faster  distribution  in  low  viscosity 
compounds 

2.  Improved  uniformity  with  multi-component  paste  dispersions 

3.  Reduced  re-work,  downgrading  and  scrap 

2.1.8  Color  Dispersion.  Colorants  or  pigments  are  frequently 
used  in  pre-dispersed  forms  for  numerous  reasons: 

Handling,  housekeeping  and  cross-contamination  are 
major  problems  with  dry  pigments. 

Color  consistency  is  a  major  problem,  since  color  and 
strength  are  often  variable  between  pigment  lots. 

Generally,  pigment  strength  is  a  function  of  surface 
area.  Therefore,  pigments  become  more  efficient  as 
their  agglomerates  are  reduced  in  size.  Pigment 
efficiency  is  a  significant  factor  for  high  priced 
pigments. 

Colorants  requiring  multi-pigment  systems  are  difficult 
to  formulate  and  adjust  with  changes  in  pigment  lots. 

Numerous  types  of  pigments  can  be  used  to  produce  the 
same  final  color.  However,  the  performance  of  these 
pigments  in  various  environments  and  applications  can 
vary  greatly.  Key  considerations  are  the  temperature 
range  encounter  during  processing  and  service,  light 
exposure,  chemical  environment  and  expected  service 
life.  Thus,  selection  of  the  proper  and  most  cost 
effective  pigment  for  each  application  is  important  for 
cost  containment  and  product  quality. 

These  are  the  prime  factors  leading  to  the  use  of  pre-dispersed  and 
color  certified  colorant  systems.  The  actual  dispersion  forms  are 


fairly  similar  to  those  discussed  for  chemicals.  The  guiding 
principals  are  also  very  similar. 

2.2  Experimental 

Laboratory  testing  has  been  completed  to  evaluate  the  distributive 
mixing  of  6  common  rubber  formula  ingredients  in  4  different 
performance  additive  forms  in  3  different  base  polymer  systems. 
Some  of  the  results  were  expected;  others  were  very  surprising. 

The  procedure  utilized  a  2-roll  mill  with  a  friction  ratio  of  1.24 
and  a  temperature  of  52  C  (125F).  Two  hundred  grams  of  rubber 
were  banded  on  the  mill  and  brought  to  temperature.  The  rubber 
was  then  sheeted  out  at  4.76  mm  (3/16  inch)  thickness  and  then 

3.2  grams  of  active  material  was  placed  in  the  center  of  the  sheet. 
To  assure  uniformity  of  addition,  the  active  was  then  rolled  into 
the  sheet.  This  material  was  placed  end  to  end  on  the  mill,  the 
stopwatch  was  started,  and  it  was  allowed  to  band.  The  rubber 
was  continuously  worked  to  assure  consistent,  uniform 
observation.  As  soon  as  the  active  had  visually  disappeared,  the 
stopwatch  was  stopped.  This  test  was  run  in  triplicate  and  the 
average  time  to  visual  disappearance  was  calculated. 

The  chemicals  studied  were  Zinc  Oxide,  Sulfur,  MBT,  MBTS, 
TMTD  and  Magnesium  Oxide.  The  forms  included  powder! 
EPDM/EVA  binder,  EPR  or  NBR  binder,  Bar  and  some 
proprietary  encapsulation  technology.  EPDM,  NBR  and  CR  based 
formulations  enabled  incorporation  times  in  various  polymer 
systems  to  be  studied. 


TABLE  I 


CR  Formulation 

Parts 

CR  Polymer 

100 

ODPA 

2 

Stearic  Acid 

0.5 

SRF  Carbon  Black  (N762) 

30 

Total  Parts: 

132.5 

EPDM  Formulation 

Parts 

EPDM  Polymer 

100 

N550  FEF  Carbon  Black 

95 

TMQ 

2 

Paraffinic  Process  Oil 

90 

Stearic  Acid 

1 

Total  Parts: 

288 

NBR  Formulation 

Parts 

NBR  Polymer 

100 

DOP 

10 

N-762  Carbon  Black 

75 

TMQ 

2 

Total  Parts: 

187 
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The  unaccelerated  masterbatch  (Table  I)  was  mixed  in  the 
PolyOne  Burton,  Ohio  facility.  These  batches  were  mixed  on  a 
Moriyama  mixer.  The  Moriyama  is  a  tilt-chamber,  seal-less, 
tangential  mixer  that  is  used  for  small  batch  mixing.  The  material 
was  packaged  in  an  enclosed  box  with  an  approximate  weight  of 
50  lbs.  per  box  and  shipped  directly  to  Massillon  from  Burton. 
The  testing  was  done  using  the  same  lot  of  each  masterbatch. 

23  Results  &  Discussion 

In  each  of  the  Figures,  there  are  “E”,  “N”  and  /  or  “C”  types  of 
concentrates.  The  “E”  versions  are  specifically  designed  for 
EPDM  type  materials.  The  “N”  versions  are  formulated  to  go  into 
NBR  type  materials  quickly,  and  the  “C”  versions  are  prepared  for 
quick  incorporation  into  CR  base  compounds. 

23.1  MBTS  -2,T  -  dibenzothiazyl  disulfide  -  Melting  point  of 
180  C 

This  work  shows  the  results  for  distributive  mixing.  Examining 
the  data  in  Figure  1  reveals  the  following.  When  MBTS  was 
incorporated  into  the  compounds,  EPDM  accepted  the  MBTS 
more  quickly  than  NBR,  and  NBR  more  quickly  than  CR. 


Product  Type 

Figure  1.  Incorporation  Time  for  MBTS  Dispersions 


The  seven  materials  shown  in  Figure  1  are: 

1 .  PB  -  Polymer  bound  encapsulated  powder,  80%  MBTS 

2.  WynE  -  Proprietary  chemical  masterbatch  dispersion,  “E” 
type,  80%  MBTS 

3.  WynN  -  Proprietary  chemical  masterbatch  dispersion,  “N” 
type,  80%  MBTS 

4.  PWD  -  MBTS  powder 

5.  Adv  -  An  EDPM  /  EVA  masterbatch,  75%  MBTS 

6.  MXN  -  Commercially  available  masterbatch  using  a  NBR 
binder,  75%  MBTS 

7.  MXE  -  Commercially  available  masterbatch  using  a  EPR 
binder,  75%  MBTS 

8.  WynC  -  Proprietary  chemical  masterbatch  dispersion,  “C” 
type,  80%  MBTS 

MBTS  is  a  commonly  used  thiazole  type  accelerator.  Studying  the 

incorporation  of  MBTS  we  see  that  an  incompatible  binder  was 

worse  than  powder.  In  the  EPDM  compound,  when  NBR  is  used 


as  the  binder  (MXN),  the  MBTS  concentrate  does  not  distribute 
well  into  the  EPDM,  similar  to  EPDM  concentrates  (WynE  and 
Adv)  in  NBR.  Polymer  bound  encapsulated  powder  (PB)  appears 
to  be  the  best  for  quick  incorporation  of  MBTS  when  the  base 
polymer  is  EPDM. 

In  Nitrile,  the  EPDM/EVA  based  concentrate  (Adv)  took  the 
longest  to  incorporate,  55  seconds.  Actually,  this  phenomenon 
was  noted  in  Production  batches  and  was  the  impetus  to  begin  this 
study.  The  EPDM  based  concentrates  seemed  to  work  well  for 
the  EPDM  based  compound,  but  were  very  difficult  to  incorporate 
into  Nitrile  compounds.  Powder  (PWD)  took  45  seconds.  Both  a 
Nitrile  based  additive  (MXN)  and  one  compatibilized  for  NBR 
(WynN)  were  better  than  powder  (PWD),  but  the  best  was  the 
concentrate  compatibilized  for  Nitrile  (WynN)  which  distributed 
in  40  seconds. 

Each  concentrate  tested  was  better  than  Powder  (PWD),  59 
seconds,  going  into  CR.  The  best  was  the  CR  compatibilized 
material  (WynC)  which  took  only  37  seconds. 


Product  type 


Figure  2.  Incorporation  Time  for  TMTD 

23.2  TMTD  -  tetramethyl  thiuram  disulfide  -  Melting  Point  of 
155  C 

The  nine  materials  shown  in  Figure  2  are: 

1.  MXE  -  Commercially  available  masterbatch  using  a  EPR 
binder,  75%  TMTD 

2.  PB  -  Polymer  bound  encapsulated  powder,  80%  TMTD 

3.  WynE  -  Proprietary  chemical  masterbatch  dispersion,  “E” 
type,  80%  TMTD 

4.  RMX  -  Oil  treated  Powder,  90%  TMTD 

5.  WynN  -  Proprietary  chemical  masterbatch  dispersion,  "N” 
type,  80%  TMTD 

6.  PWD  -  TMTD  powder 

7.  MXN  -  Commercially  available  masterbatch  using  a  NBR 
binder,  75%  TMTD 

8.  Adv  -  An  EDPM  /  EVA  masterbatch,  75%  TMTD 

9.  WynC  -  Proprietary  chemical  masterbatch  dispersion,  “C” 
type,  80%  TMTD 

The  quickest  incorporation  of  TMTD  into  EPDM  uses  the  EPR 

binder  (MXE),  then  Polymer  encapsulated  powder  (PB). 

Powder  (PWD)  incorporates  in  44  seconds  in  the  NBR  compound. 

It  is  clearly  evident  that  the  wrong  binder  choice  can  significantly 
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delay  incorporation.  Note  the  Proprietary  chemical  dispersion 
“E”  type  optimized  formulation  (WynE)  took  58  seconds,  and  the 
EPR  based  (MXE)  took  55  seconds.  The  best  was  a  formulation 
optimized  for  NBR  (WynN),  followed  by  an  NBR  binder  (MXN). 
A  consistent  theme  that  this  work  shows  is  that  concentrates  made 
specifically  for  incorporation  into  CR  binders  outperform  many 
“generic”  types.  The  35  seconds  for  WynC  illustrates  a  20% 
improvement  over  the  next  closest  TMTD  material  (PB). 


These  nine  materials  in  Figure  3  are: 

1 .  WynE  -  Proprietaiy  chemical  masterbatch  dispersion,  “E” 
type,  85%  ZnO 

2.  PWD  -  ZnO  powder 

3.  WynN  -  Proprietary  chemical  masterbatch  dispersion,  “N” 
type,  85%  ZnO 

4.  Adv  -  An  EDPM  /  EVA  masterbatch,  80%  ZnO 

5.  MXN  -  Commercially  available  masterbatch  using  a  NBR 
binder,  85%  ZnO 

6.  ADV  -  An  EDPM  /  EVA  masterbatch,  85%  ZnO 

7.  PB*  -  Polymer  bound  encapsulated  powder,  85%  ZnO- 
♦Note  -  this  never  fully  incorporated,  this  is  the  time  when 
no  further  visual  improvement  occurred. 

8.  MN8  -  Commercially  available  masterbatch  using  a  NBR 
binder,  80% 

9.  WynC  -  Proprietary  chemical  masterbatch  dispersion,  “C” 
type,  85%  ZnO 


The  ZnO  WynE  distributed  more  quickly  in  EPDM  than  any  of 
the  other  choices,  with  powder  (PWD)  being  the  second.  Since 
Zinc  Oxide  can  be  difficult  to  disperse,  speed  of  incorporation 
does  not  completely  reflect  final  performance  in  a  compound. 

In  Nitrile  compound,  the  Nitrile  based  dispersion  (MXN)  was  the 
first  to  incorporate,  followed  by  powder  (PWD),  then  the  WynN, 
a  material  compatibilized  for  Nitrile. 

For  CR,  the  best  was  the  material  specifically  created  for  CR 
incorporation  (WynC),  followed  by  powder  (PWD). 


WynE  WynN  PB  Adv  PWD  MXE  WynC 
Product  Type 


Figure  4.  Incorporation  Time  for  MBT  Dispersions 


2.3.4  MBT-  2  -  mercapto  benzothiazole  -  Melting  point  of  1 8 1  C. 


The  seven  materials  shown  in  Figure  4  are: 

1 .  WynE  -  Proprietary  chemical  masterbatch  dispersion,  “E” 
type,  80%  MBT 

2.  WynN  -  Proprietary  chemical  masterbatch  dispersion,  “N” 
type,  80%  MBT 

3 .  PB  -  Polymer  bound  encapsulated  powder,  80%  MBT 

4.  Adv  -  An  EDPM  /  EVA  masterbatch,  75%  MBT 

5.  PWD  -  MBT  powder 

6.  MXE  -  Commercially  available  masterbatch  using  a  EPR 
binder,  75%  MBT 

7.  WynC  -  Proprietary  chemical  masterbatch  dispersion,  “C” 
type,  80%  MBT 

MBT  powder  (PWD)  incoiporated  into  the  EPDM  in  43  seconds. 
The  best  was  Proprietary  chemical  dispersion  “E”  type  (WynE)  at 
3 1  seconds. 

Powder  (PWD)  took  55  seconds  to  incorporate  into  NBR;  it  can 
be  noted  that  the  best  was  one  created  specifically  for  NBR 
compatibility  (WynN),  and  it  was  42  seconds.  The  longest  was 
the  binder  developed  for  EPDM,  (WynE),  with  60  seconds.  The 
incorporation  time  of  MBT  into  NBR  graphically  illustrates  the 
importance  of  binder/polymer  compatibility. 

Examining  incorporation  into  the  CR  based  material,  MBT 
powder  (PWD)  dispersed  in  46  seconds,  while  the  worst  was  55 
seconds  for  the  NBR  optimized  Proprietary  chemical  dispersion 
“N”  type  binder  (WynN).  By  far  the  fastest  was  the  material 
optimized  for  a  CR  binder  (WynC),  and  it  took  only  33  seconds. 
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Figure  5.  Incorporation  Time  for  Sulfur  Dispersions 


2.3.5  Sulfur 

The  ten  materials  shown  in  Figure  5  are: 

1 .  PB  -  Polymer  bound  encapsulated  powder,  85%  Sulfur 

2.  PWD  -  Sulfur  powder,  Vi  %  oil  treatment  for  dedusting 

3 .  RMX  -  Oil  Treated  Powder,  90%  Sulfur 

4.  WynE  -  Proprietary  chemical  masterbatch  dispersion,  “E” 
type,  80%  Sulfur 

5.  MXE  -  Commercially  available  masterbatch  using  a  EPR 
binder,  75%  Sulfur 

6.  Adv  -  An  EDPM  /  EVA  masterbatch,  75%  Sulfur 

7.  WynN  -  Proprietary  chemical  masterbatch  dispersion,  “N” 
type,  80%  Sulfur 

8.  ADV  -  An  EDPM  /  EVA  masterbatch,  80%  Sulfur 

9.  MXD  -  Commercially  available  masterbatch  using  a  EPDM 
binder,  80%  Sulfur 

10.  WynC  -  Proprietary  chemical  masterbatch  dispersion,  “C” 
type,  80%  Sulfur 

Sulfur  is  used  for  many  cure  systems.  Large  quantities  of  both 
soluble  and  insoluble  sulfur  are  consumed  on  an  annual  basis. 
This  study  used  the  soluble  sulfur  type,  Vi  %  oil  treated.  Each  of 
the  concentrates  were  prepared  using  this  sulfur  type  so  valid 
comparisons  could  be  made. 

Although  powder  (PWD)  disappeared  into  the  EPDM  quickly  in 
32  seconds,  the  polymer-encapsulated  powder  (PB)  was  still 
better  with  a  time  of  27  seconds. 

Nitrile  accepted  the  powder  (PWD)  quickly,  outperforming  all  of 
the  concentrates  tested  here.  Recall  that  dispersion  is  not  the 
reported  criteria,  only  visual  examination  while  on  the  2-roll  mill. 
When  incorporating  Sulfur  into  CR,  the  clear  winner  is  the 
polymer-encapsulated  powder  (PB)  with  32  seconds.  Both  the 
EPDM/  EVA  (Adv)  and  the  compatibilized  concentrates  for  CR 
(WynC)  went  in  faster  than  powder.  Those  compatibilized  for 
other  polymers,  WynN,  WynE  and  an  EPR  based  concentrate 
(MXE)  did  not  perform  nearly  as  well. 


WynE  SMB  PB  PWD  WynN  WynC 


Product  Type 

Figure  6.  Incorporation  Times  for  MgO  Dispersions 


2.3.6  Magnesium  Oxide - 

The  six  materials  shown  in  Figure  6  are: 

1 .  WynE  -  Proprietary  chemical  masterbatch  dispersion,  “E” 
type,  65%  High  Activity  MgO 

2.  SMB  -  Extruded  Bar,  High  Activity  MgO,  70%  MgO 

3.  PB  -  Polymer  bound  encapsulated  powder,  70%  MgO 

4 .  PWD  -  High  Activity  MgO  powder 

5.  WynN  -  Proprietary  chemical  masterbatch  dispersion,  “N” 
type,  65%  High  Activity  MgO 

6.  WynC  -  Proprietary  chemical  masterbatch  dispersion,  “C” 
type,  65%  High  Activity  MgO 

For  comparison,  we  tested  the  dispersability  of  Magnesium  Oxide 
dispersions  in  various  binders.  All  of  the  Magnesium  oxides  used 
in  this  study  were  of  the  high  activity  type.  In  order,  the  EPDM 
base  polymer  shows  powdered  MgO  (PWD)  taking  the  longest  to 
incorporate  at  58  seconds.  The  polymer  encapsulated  powder 
(PB)  and  extruded  bar  (SMB)  were  both  quicker  to  incorporate 
than  the  powder  (PWD).  The  best  was  a  concentrate  specifically 
designed  for  ease  of  incorporation  into  EPDM  type  material 
(WynE),  which  took  only  30  seconds. 

The  Nitrile  base  polymer  reveals  the  importance  of  binder 
compatibility.  The  longest  incorporation  time  was  62  seconds 
(SMB),  powder  (PWD)  was  59  seconds,  but  the  best  was  a 
Magnesium  Oxide  material  specifically  compatibilized  for  NBR 
(WynN),  incorporating  in  only  36  seconds.  Binder  compatibility 
can  play  a  significant  role  in  incorporation  time. 

Since  MgO  is  an  activator  and  an  acid  scavenger,  it  is  most  often 
used  in  CR  polymers.  For  MgO  to  perform,  it  must  be  protected 
from  moisture.  All  of  the  performance  additive  forms  provide 
some  degree  of  protection  from  moisture.  Powder  (PWD)  was  the 
most  difficult  to  incorporate  into  the  CR  polymer,  at  62  seconds. 
The  polymer  encapsulated  powder  (PB)  took  53  seconds,  the 
WynE,  51  seconds,  the  extruded  bar  (SMB)  49  seconds,  the 
WynN  44  seconds,  and  again,  a  binder  specifically  compatibilized 
for  CR  type  polymer  (WynC)  was  a  clear  winner  requiring  only 
34  seconds. 
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3.  Conclusions 

Binder  selection  and  compatibilization  can  make  a  significant 
difference  in  the  incorporation  time  in  different  polymer  systems. 
The  difference  of  a  “universal”  type  binder  versus  custom 
designed  binders  in  various  polymer  compound  types  was 
surprising. 

Finding  the  best  solution  can  be  difficult.  The  answer  lies  in  a 
well-defined  problem.  Is  it  lower  total  cost,  excellent  dispersion, 
ease  of  handling,  worker  safety,  or  some  other  issue  that  describes 
the  desired  outcome?  The  options  available  include:  DeDust,  Pre- 
Weigh,  EPDM  /  EVA,  Custom  MB,  Paste,  and  Easier  to  handle 
powder  of  a  viscous  liquid. 

Dedusted  powder  would  be  the  product  of  choice  if  reducing 
airborne  contamination,  or  precise  ratios  of  critical  ingredients  are 
important.  A  Pre-weigh  takes  this  product  form  one  step  further 
and  insures  accurate  weights  of  the  pre-blended  components,  thus 
eliminating  one  more  variable.  If  dispersion  and  quick 
incorporation  is  necessary,  one  may  evaluate  a  “universal” 
EPDM/EVA  type  binder,  but  as  shown  in  this  paper,  that  is  often 
not  the  “best”  solution.  Using  a  chemical  or  color  concentrate 
dispersed  in  a  known  compatible  binder  will  bring  not  only 
dispersion,  but  also  quick  incorporation.  For  truly  critical 
dispersion  requirements,  a  paste  product  may  be  the  best  option. 
Finally,  if  all  that  is  needed  is  a  better  method  of  handling  and 


weighing,  especially  liquids  and  tackifiers,  the  free  flowing  liquid 
powder  concentrates  would  do  well. 

Carefully  consider  the  broad  range  of  options  to  select  the 
optimum  solution. 

Work  is  continuing  on  custom  binders  that  will  easily  incorporate 
into  given  polymer  types.  Further  work  is  planned  to  evaluate 
other  variables  in  the  incorporation  and  dispersion  of  Performance 
Additives  and  the  quantification  of  their  many  benefits. 
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Abstract 

The  tests  made  show  that  modelling  and  simulation  of  access  data 
links  and  channels  consisting  of  cascaded  two-ports  are  possible  by 
using  advanced  measuring  technique  and  computing.  Based  on  very 
careful  scattering  parameter  measurements  of  cables  and  connecting 
hardware  the  transmission  parameters  and  their  deviations  can  be 
computed.  Important  results  of  the  theory  of  inhomogeneous 
transmission  lines  are  highlighted.  The  measurement  and  computing 
results  correspond  well  to  the  theoiy  of  transmission  lines.  To 
achieve  a  forward  echo  noise  attenuation  of  30  dB  same  as  the 
minimum  equal  level  far-end  crosstalk  attenuation  at  the  middle 
frequencies  (300  MHz)  of  a  Cat.  7  cable  for  a  Class  F  data  channel 
insertion  loss  deviation  smaller  than  +  0.25  dB  is  needed. 

Keywords 

Transmission  and  scattering  parameters;  operational  attenuation 
or  operational  insertion  loss  deviations  and  forward  echo 
attenuation;  data  access  channel;  cascaded  two-ports;  data  cables 
and  connectors  or  connecting  hardware. 

1.  Introduction 

Both  coaxial  and  balanced  cables  have  been  used  in  information 
and  telecommunications  networks.  Some  parts  of  the  wire-bound 
information  and  communication  network  (ICN),  especially  long- 
haul  parts  including  both  land  and  sea  cables  have  been  taken 
over  by  optical  cable  techniques,  but  for  economical  and  practical 
reasons  glass  fiber  has  not  found  very  much  ground  in  private 
homes  and  SOHO  (Small  Offices  Home  Offices)  environment. 
Also  the  development  both  in  balanced  and  coaxial  cable 
techniques  has  been  extensive.  Inspired  by  digital  communication 
techniques  both  balanced  and  coaxial  cables  have  widened  their 
frequency  range: 

•  Balanced  pair  upwards,  towards  and  above  1  GHz 

•  Light  coaxial  pairs  also  downwards  from  30  MHz 

Features  that  will  keep  the  metallic  cable  techniques  attractive  for 
the  last  100  m  of  the  access  networks  are  the  costs  and  the 
easiness  of  installation,  especially  now  when  there  transmission 
capacity  and  electromagnetic  screening  problem  have  in  principle 
been  solved. 

In  new  data  networks  the  use  of  balanced  pairs  have  become  a 
standard  technique  which  allows  fast  and  economic  constructions 


and  easy  of  changing  network  architecture.  However,  the 
optimum  characteristics  of  the  individual  components  and  the 
channel  are  not  known  sufficiently  well,  which  cause  various 
problems. 

It  became  clear  at  the  meeting  of  ISO/IEC  JTC1/SC25/WG3 
"Customer  Premises  Cabling”  in  February  2001  in  Nice  that  a 
more  exact  model  for  the  IEC  1108  (2001)  “copper  pair”  data 
channel  than  the  present  one  is  needed  to  decide  on  the  cable  and 
connecting  hardware  (connectors  and  fittings)  specified  electrical 
inhomogeneous  transmission  characteristic  limits.  E.g.  better 
return  loss  values  than  8  dB  for  the  connecting  hardware  is 
needed  because  the  8  dB  return  loss  in  a  junction  leads  to  a 
through  signal  reflection  loss  of  about  ±  0.7  dB  ILD  (Insertion 
Loss  Deviation)  in  the  worst  case.  It  is  a  common  understanding 
that  worst  case  models  give  too  pessimistic  (conservative)  ILD 
values  compared  with  the  reality. 

It  was  decided  in  Nice  to  freeze  the  limiting  values  of  the  data 
channel  components  until  a  sufficiently  exact  model  is  available. 
In  this  paper  such  a  model  is  created,  tested  and  verified  and  the 
first  simulations  done. 

2.  Calculations  and  Measurements  of 
Cascaded  Two-ports 

In  the  measurements  and  calculations  it  more  practical  to  use 
scattering  parameters  [1],  [2]  and  [3]  than  parameters  from 
classical  two-port  theory  [4].  From  that  theory  is  the  term 
“operational”  (German:  “Betriebs”)  meaning  that  the 
measurements  and  calculations  are  made  in  normalized 
operational  conditions  by  using  terminating  resistance's  equal  to 
the  nominal  impedance  of  the  data  channel  [5]. 

2.1  The  Operational  Scattering  Matrix  of  a  Two- 
port 

The  Operational  Scattering  Matrix  of  a  Two-port  is  defined  and 
measured  between  nominal  impedances  e.g.  100  ohms  resistive. 
We  get 

*^il  *^12 

S„=  *  1 

S2lR  S22n 

All  the  scattering  parameters  are  complex  z  =  x+]y 

The  goal  is  to  calculate  and  measure  the  resulting  operational 
scattering  matrixes  of  the  in  cascade  coupled  two-ports 
(quadripoles  or  four-terminal  network). 
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individual  two-ports  differs  from  the  resulting  operational 
attenuation  when  cascaded.  This  is  called  insertion  loss  deviation 
ILD. 


S2\  “  ^12  w^en  the  two-port  is  passive. 

Complex  Operational  Attenuation  and  Complex  Operational 
Insertion  Loss  TB  are  defined  to  be  synonyms  in  this  paper. 

They  are  defined  as  the  ratioof  the  incident  fictive  unreflected 
square  root  of  power  wave  =  ^i)  from  the  generator,  internal 

impedance  Z^,,  and  the  square  root  of  power  wave  , 

when  E2= 0)  consumed  by  the  load  ZN2  expressed  in  decibels  and 
radians.  Its  nominal  impedances  ZNI  and  ZN2  terminate  the  two- 
port. 


Figure  1.  A  two-port. 


2.2  Transformation  Matrix 

A  two-port  “c”  measured  under  the  nominal  conditions  is  inserted 
between  two  two-ports  “a”  and  “b”  which  resulting  scattering 
matrix  also  has  been  measured.  The  inserted  two-port  “c”  is  not 
more  between  the  nominal  impedances  (Fig.  2),  which  changes  its 
transmission  parameters.  This  means  e.g.  that  the  sum  of  the 
operational  attenuations  or  operational  insertion  losses  of  the 


The  new  incident  and  reflected  square  root  of  power  waves  are 
calculated  as  follow  [1]: 


where  T  is  defined  as 


The  resulting  operational  insertion  loss  AB  and  operational  phase- 
shift  Bb  are  according  to  Eq.  (3) 

Ab  =  20-lg  —  [dB]  (12) 

S2 1 


Figure  2.  The  insertion  of  a  two-port  into  a  network  and  the  deviations  caused  to  the  operational 

parameters. 
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Bb  =arg—  [rad]  ^ 

s2l 

$n  and  522  are  the  operational  reflection  coefficients  at  the  input 
and  output  of  a  two-port. 

2-3  Comparison  between  Measurements  and 
Calculations 

To  check  the  above  theory  in  practice  and  the  measurement 
accuracy  and  stability  needed  the  scattering  matrix  of  two  Cat  7 
cables  (length  a’  4  m)  coupled  together  with  a  Cat  7  connector 
were  measured.  Then  the  mated  connector  was  removed  by 
cutting  the  cables  12  cm  from  the  middle  of  the  connector  and  the 
separate  scattering  matrixes  of  the  three  components  were 
measured. 

The  most  interesting  test  results  are  shown  in  Figs  3a-e.  First  in 
Figs.  3a-c  the  magnitude  of  the  measured  scattering  parameters 
s2i,  $12,  sn  and  522  of  the  three  components,  then  in  Figs  3d  and  3e 
the  measured  and  calculated  scattering  parameters  for  the  three 
components  in  cascade. 

The  correspondence  of  measured  and  calculated  scattering 
parameters  is  good  and  shows  that  the  base  for  simulation  has 
been  achieved.  The  small  differences  in  return  losses  are  caused 
by  the  faults  occurring  in  cutting  and  mounting  the  cables  and 
connector  for  individual  measurements.  Especially  the  0.1  dB 
fault  in  the  measurement  results  of  5^  and  52i  is  due  to  inaccuracy 
in  the  mounting  of  the  connectors  for  the  100  MHz 
measurements. 

The  deviation  in  operational  attenuation  caused  by  reflection  can 
clearly  be  seen  from  the  ripple  at  the  higher  frequencies.  Up  to 
100  MHz  these  so  called  insertion  loss  deviations  ILD  are  small, 
in  the  order  of  ±0.1  dB  equivalent  to  a  forward  echo  attenuation 
of  38  dB  (Table  1),  which  very  well  corresponds  to  the  return  loss 
values  of  the  individual  and  cascaded  components.  At  higher 
frequencies  ILD  increases  being  ±0.5  dB  at  300  MHz.  We  will 
return  to  this  in  Chapters  3.4  and  4. 


Figure  3a)  Cable  1:  Magnitude  of  the  measured 
scattering  parameters  from  1  to  100  MHz 
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Figure  3b)  Connector:  Magnitude  of  scattering 
parameters  in  decibels  from  1  to  100  MHz 
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Figure  3c)  Cable  2:  Magnitude  of  measured 
scattering  parameters  in  decibels  from 

1  to  100  MHz 


inwdi 
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Figure  3d)  Magnitude  of  the  measured  scattering 
parameters  in  decibels  of  cable  1,  connector  and 
cable  2  in  cascade  from  1  to  100  MHz 
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Figure  3e)  Magnitude  of  the  calculated  scattering 
parameters  in  decibels  of  cable  1,  connector  and 
cable  2  in  cascade  from  1  to  100  MHz 

3.  Reflection  Loss  and  Forward  Echo 
Noise  of  Cascaded  Two-Ports 

Reflection  happens  both  between  cascaded  two-ports  and  inside  a 
two-port.  Double  reflections  cause  an  echo  wave  travelling 
forward  behind  and  below  the  signal  resulting  in  a  noise  effect. 
Reflections  cause  also  losses. 

3.1  Return  Loss  and  Reflection  Loss 

The  complex  return  loss  is  defined  as  ratio  of  incident  square  root 
of  power  wave  Vt  and  the  reflected  square  root  of  power  wave  VT 
expressed  in  dB  and  radian.  It  is  well  known  that 


rr  =Ar+iBr  =20Ig  ^  +  jarg~ 

K_z2-zt 

V;  Zj+Z, 


(14) 

(15) 


The  complex  reflection  loss  is  defined  as  the  ratio  of  the 
unre fleeted  square  root  of  power  wave  V\  and  square  root  of 
power  wave  Vi  continuing  after  the  reflection  expressed  in 
decibels  and  radian. 


r.  =  4+j*.=2oig 


V,  ■  v, 

7T  +  J  ar8  77 


(16) 


K  _  z,+z, 

K  2  yfzX 


(17) 


In  Fig.  4  are  shown  the  locus  diagram  of  constant  return  loss  ( A, ) 
and  of  the  constant  reflection  loss  (4S).  The  constant  A,  curves  are 
Apollonius  circles.  All  normalized  impedance  values  zn  =  r+jx, 
which  are  inside  a  circle  Ar,  have  a  higher  return  loss  than  A,. 
Observe  that  As  can  also  be  zero  or  negative. 


3.2  Increase  of  attenuation  due  to  inhomogenities 

From  the  input  of  a  two-port  measured  structural  return  loss  is  a 
good  measure  for  its  expected  transmission  quality.  In  an  evenly 
inhomogeneous  cable  the  increase  of  attenuation  due  to  structural 
reflections  is  [2][6]: 


(18) 
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Figure  5.  Relations  between  structural  return  loss  Ap  and  forward  echo  attenuation  A*,. 


Where  |/f  is  the  variance  of  the,  from  the  end  of  the  cable 
measured,  structural  reflection  coefficient/?. 

With  a  1  %  p  the  increase  in  attenuation  is  only  0.01  %,  which 
means  0.005  dB  in  50  dB,  but  if  the  variance  is  10  %  the  increase 
in  attenuation  is  0.5  dB 

3.3  Forward  Echo  Noise  Caused  by  Regular 
Periodic  Reflection  in  a  Cable 

As  before  a  complex  mathematical  analysis  [2]  leads  to  simple 
results.  The  relation  between  the  periodic  structural  return  loss  Ap 
and  the  forward  echo  noise  attenuation  Aq  is:  ' 

Aq=  24-201gK  O9) 

„  2aL-\+e-7aL  (20) 

(l -e-Mf 

«2aL-l  (2D 

The  graphical  presentation  of  the  forward  echo  attenuation  Aq  in 
Eqs  (19)  and  (20)  for  different  lengths  of  Cat  5  to  7  data  cables 
are  shown  in  Figs  5.  To  keep  the  forward  echo  attenuation  Aq 
resulting  from  structural  periodic  reflections  above  25  dB  up  to  a 
cable  length  of  100  m  at  a  middle  frequency  of  150  MHz  the 
periodic  structural  retumloss  Ap  should  be  kept  above  20  dB. 

3.4  Forward  Echo  Noise  Caused  by  Double 
Reflections 

Forward  echo  noise  is  caused  by  double  reflections.  In  Fig.  6a 
there  are  two  reflection  points  on  the  transmission  line  “a”  and 
“b”.  When  the  propagating  signal  wave  Vs  reaches  point  “b”,  a 
part  of  it  reflects  back.  The  reflection  signal  attenuates  A  dB  on  its 
way  to  reflection  point  “a”  where  it  reflects  back  and  attenuates 
again  A  dB  etc.  The  strongest  echo  component  is  created  by  the 
first  roundtrip  attenuation.  In  other  words,  the  maximum  forward 
echo  noise  is  the  roundtrip  attenuation  below  the  propagating 
signal  at  point  “b”. 


Figure  6.  Forward  echo  waves  XVq  caused  by  a 
double  reflection  "a"  +*  "b"  in  a  transmission  line. 

In  Fig.  8  is  shown  the  magnitude  of  the  measured  scattering 
parameters  of  cable  1  up  to  600  MHz.  The  widening  ripple  of  s12 
and  s2i  is  the  insertion  loss  deviation  ILD  caused  mainly  by 
reflections  back  and  forth  between  the  cable  ends.  E.g.  at  300 
MHz  the  round  trip  attenuation  is  approximately  (2x3  +  8  +  8)  dB 
=  22  dB  corresponding  to  an  ILD  of  ±  0.65  dB,  which  coincides 
with  the  test  results  of  Fig.  8. 


Aq=Alb  +  A  +  Ara  +  A  (22) 


=  2A  +  Aa+Ab 


(23) 


The  relations  between  forward  echo  coefficient  q,  forward  echo 
attenuation  Aq  and  insertion  loss  deviation  ILD  are 


Aq=  20  lg 


q 


[dB] 


(24) 


ILD  =  201g|l  +  tf]  [dB]  (25) 

The  relation  is  given  in  Fig.  7  and  Table  1. 

Table  1.  The  relations  between  forward  echo  coefficient 
q,  forward  echo  attenuation  Aq  and  insertion  loss 
deviation  ILD. 


q  [%] 

Aq  [dB] 

ILD  [dB] 

100 

0 

±6 

50 

6 

±3.5 

25 

12 

±2 

12 

18 

±1 

6 

24 

+  0.5 

3 

30 

±0.26 

1.2 

38 

±0.1 
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1.6 


Figure  7.  The  relation  between  forward  echo 
attenuation  and  insertion  loss  deviation  ILD. 


Figure  8.  Cable  1:  Magnitude  of  the  measured 
scattering  parameters  in  decibels  from 

60  to  600  MHz. 


4.  Simulation  of  a  Data  Channel  of 
Cascaded  Two-ports 

A  data  channel  consists  of  cascaded  two-ports.  With  modem 
network  analyzers  (NWA)  the  scattering  matrix  under  well- 
defined  conditions  can  be  measured.  By  being  able  to  calculate 
the  resulting  scattering  matrix  of  two-ports  in  cascade  it  is 
possible  to  both  calculate  and  measure  an  individual  data  channel. 
By  altering  the  scattering  matrixes  of  the  components  it  is 
possible  to  simulate  data  channels  with  other  component  limiting 
values. 


Given  are  the  scattering  parameters  Sjjn  of  four  (4)  connections 
(connecting  hardware  or  connectors)  and  of  three  (3)  cables.  The 
corresponding  to  scattering  matrixes  are  S„ 


8=4*. 
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Figure  9.  Scattering  matrixes  Sn  of  seven  (7) 
cascaded  two-ports  and  the  resulting  scattering 
matrix  S. 


Figure  10.  The  calculated  magnitude  of  scattering 
parameters  of  a  cascaded  data  link  of  three  cables 
connected  and  terminated  with  four  connectors. 

In  Fig.  10  are  the  calculated  scattering  parameters  of  a  cabling 
channel  with  three  cables  connected  and  terminated  with  four 
connectors.  As  scattering  parameters  of  Si,  S3,  Ss  and  S7  of  the  four 
connectors  are  used  the  test  results  in  Fig.  3b.  As  scattering 
parameters  S2  and  S6  are  used  the  parameters  of  cable  1  in  Fig.  3a 
and  for  S4  the  parameters  of  cable  2  in  Fig.  3c. 

The  scattering  parameters  of  sn  and  j22  of  cable  1  around  80-100 
MHz  are  -20... -18  dB  (Fig.  3a),  for  cable  2  -25... -26  dB  (Fig.  3c) 
and  for  the  connectors  are  -22... -20  dB  (Fig.  3b).  The  calculated 
resulting  parameters  in  scattering  matrix  S  are  for  j,,  and  s22  -10...- 
8  dB  and  the  ripple  in  s,2  and  s2i,  being  equal  to  the  ILD,  about  +0.5 
dB  corresponding  to  a  signal  to  ILD  noise  ratio  of  24  dB. 

5.  Conclusions 

The  tools  to  model  a  physical  data  channel  with  measurements  of 
individual  components  and  then  calculations  to  get  the  resulting 
transmission  parameters  have  been  developed.  An  experiment  to 
model  a  physical  data  channel  by  measuring  the  scattering 
parameters  of  the  cascaded  components  (cables  and  connecting 
hardwires)  and  then  calculating  the  resulting  scattering  parameters 
of  the  channel  has  been  made.  It  is  shown  that  especial  care  must  be 
taken  in  measuring  individual  components  especially  connecting 
hardware  or  connectors.  More  simulation  work  is  needed  to  find  the 
minimum  transmission  characteristics  to  achieve  acceptable 
physical  data  channel  performance  according  to  ISO/IEC  1 1801  and 
Publ.  15018  "SOHO"  cabling. 
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Abstract 

At  present  the  market  requires  reliable  access  cable  networks 
which  are  able  to  transmit  actual  broadband  systems  on  the  one 
hand  and  to  take  over  the  coming  transmission  technologies  in  the 
near  future  on  the  other  hand.  Thus  a  new  high  grade  cable 
design  containing  a  sufficient  headroom  is  necessary  to  be 
introduced. 

Typically  the  first  part  of  the  access  network  consists  of  outdoor 
cables  and  the  second  part  of  the  total  transmission  link  however 
is  normally  executed  with  indoor  cables  which  have  to  be  flame 
retardant  in  case  of  fire  and  have  to  avoid  undesired  smoke 
release. 

The  challenge  now  is  to  introduce  only  one  cable  construction 
which  is  able  to  serve  for  both  outdoor  and  indoor  installations. 
The  described  cable  concept  meets  this  general  requirement 
concerning  installation  of  a  new  defined  universal  cabling 
concept. 

At  the  same  time  the  electrical  quality  of  this  cable  construction 
offers  the  ability  to  take  over  the  current  available  transmission 
systems  and  to  incorporate  arising  new  transmission  techniques 
of  the  near  future.  In  order  to  ensure  highest  broadband  channel 
behavior  for  certain  cases  in  the  course  of  time  optical  fibre 
elements  can  be  incorporated  into  the  copper  cable  core  and 
appropriate  jointing  technologies  for  both  copper  and  fibre  are 
proposed. 

This  introduced  universal  cable  generation  defines  a  highly 
advisable  generic  cabling  for  access  links  in  city  networks.  It 
fulfills  important  criteria  respecting  mechanical  and  electrical 
behavior.  Thus  this  cable  concept  constitutes  an  investment  safe 
technology  which  avoids  repeated  cost  intensive  plant 
installations. 

Relating  the  clear  trend  towards  high  grade  digital  transmission 
systems  focus  has  also  been  taken  upon  the  transmission  behavior 
of  the  copper  transmission  circuits  for  xDSL-systems. 

Transmission  parameters  like  attenuation,  crosstalk  attenuation, 
longitudinal  conversion  loss,  return  loss,  characteristic  impedance 
will  be  examined. 

Keywords 

Access  network,  universal  cable  technology,  cable  jointing 
technique,  xDSL-transmission 

1.  Introduction 

The  market  challenge  towards  multimedia  infrastructures  for 
cabled  broadband  transmission  links  is  increasing  rapidly 
worldwide.  This  tendency  influences  dramatically  the 
development  of  technical  and  economical  suitable  link 


components  for  subscriber  access  networks  within  cities 
accordingly. 

It  is  the  basic  intention  to  introduce  a  new  cable  generation  which 
is  able  to  serve  for  indoor  and  outdoor  employment  considering 
balanced  copper  stranding  elements  due  to  economical  reasons. 


Figure  1.  Generic  (universal)  cabling  concept 

In  figure  1  the  basic  cabling  concept  is  shown.  It  comprises  the 
independency  from  cable  transmission  systems  and  installation 
environments  on  the  one  hand  and  the  necessary  link  components, 
like  cables  and  accessories  to  achieve  this  independence  on  the 
other  hand. 

Normally  outdoor  cables  for  access  networks  are  not  permitted  to 
be  installed  within  buildings  since  the  cable  cores  of  these 
constructions  are  filled  with  jelly  compound.  Such  material  is 
unsuitable  to  protect  itself  against  fire  attacks  and  it  drops  out  at 
cable  ends  within  distribution  cabinets  at  higher  temperatures 
unfortunately.  Additionally  typical  outdoor  cables  with 
polyethylene  sheathing  are  not  flame  retardant  and  thus 
unallowed  for  internal  employment. 

In  order  to  avoid  these  disadvantages  regarding  mechanical 
properties  and  to  meet  the  demands  concerning  transmission 
characteristics  for  higher  digital  applications  adequate  cables  and 
components  have  to  be  introduced.  Such  high  grade  copper  design 
techniques  should  consider  a  minimum  frequency  range  of  600 
MHz  to  meet  the  demands  of  current  systems  available  on  market. 
Reliable  category  7  outdoor  cables  have  to  be  introduced  in  order 
to  close  this  bottle  neck  within  copper  cable  transmission  links. 
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Figure  2.  Universal  and  conventional  cabling 
configuration  for  access  networks 


2.  Achievements  of  low  cost  cabling 
using  universal  cables 

As  shown  in  figure  2  conventional  outdoor  cables  are  installed  up 
to  a  typical  building  entrance  facility  (BEF)  where  such 
incoming  cables  are  transferred  to  the  ongoing  typical  flame 
retardant  halogen  free  indoor  cabling. 

In  bigger  buildings  often  the  BEF  is  located  at  the  far  end  of  that 
estate  and  thus  a  cost  intensive  additional  space  for  distribution 
and  branching  of  cables  has  to  be  erected. 

In  order  to  overcome  this  uneconomical  situation  only  the 
described  universal  cabling  concept  meets  the  necessary 
requirements  since  those  cables  can  serve  for  both  outdoor  and 
indoor  use. 

Depending  from  the  local  situation  a  cost  reduction  between  10- 
20  %  compared  to  the  conventional  technologies  is  obtainable. 


3.  Construction  of  copper  universal 
cables 

3.1  General 

Cable  design  at  the  time  being  requires  more  than  ever  a 
compromise  between  high  grade  broadband  transmission 
characteristics  on  the  one  hand  and  favorable  dimensions  on  the 
other  hand,  i.e.  largest  possible  drive  distances  and  smallest  cable 
diameter. 

3.2  Core  make  up  and  sheath  design 

Solid  copper  conductors  with  diameter  of  0,6  mm  are  insulated 
with  foam  skin  polyethylene  of  high  grade  materials  and  with 
highest  possible  concentricity  (>  96  %)  and  homogeneity.  Those 
insulated  conductors  are  twisted  together  to  form  pairs  or  quads  in 
a  geometrical  stable  construction  employing  suitable  pitch 
lengths.  The  pairs  are  covered  by  a  combination  of  metallic  and 
plastic  foils  in  order  to  reach  a  high  quality  level  relating 
transmission  characteristics  up  to  a  frequency  of  600  MHz. 

The  screened  elements  (Pairs  in  Metal  Foil-PiMF)  have  been 
stranded  together  in  concentric  layers  considering  a  wide  range  of 


different  numbers  of  pairs.  Since  the  cable  has  to  serve  for  both 
indoor  and  outdoor  use  longitudinal  and  transversal 
watertightness  has  to  be  obtained  on  the  one  hand  and  typical 
cable  characteristics  for  indoor  cables  have  to  be  reached  on  the 
other  hand.  No  jelly  compound  is  accepted  respecting  indoor 
installations.  Therefore  the  interstices  within  the  cable  core  are 
filled  with  swellable  yams  in  order  to  achieve  reliable 
longitudinal  watertight  cables. 

As  a  moisture  barrier  a  laminated  aluminium  tape  applied 
longitudinally  has  been  selected  in  combination  with  a 
halogenffee  flame  retardant  plastic  compound  which  allows  cable 
installations  within  buildings.  Below  the  moisture  barrier  sheath  a 
rip  cord  for  fast  sheath  removal  during  mounting  measures  is 
applied  longitudinally. 

Various  numbers  of  pairs  have  been  stranded  together  based  upon 
users  demands.  As  a  standard  delivery  program  pair  counts  up  to 
50  elements  have  been  produced.  For  certain  projects  copper  /OF- 
hybrid  solutions  have  been  realized  considering  single  mode 
fibres  according  to  ITU  G652.  Special  multimode  fibres  capable 
for  higher  data  rates  and  link  distances  specially  for  GBit-Ethemet 
systems  are  employed  too.  In  order  to  meet  international 
provisions  regarding  fibre-to-the-home  systems  24  fibres  can  be 
incorporated  into  the  copper  cable  design. 

Figure  3  shows  a  typical  universal  cable  design  using  10  pairs 
with  conductor  diameter  of  0,6  mm  and  individual  pair  screening. 

Type  abbreviation:  A-02YSTF(L)H  10x2x0,6  PiMF. 


Figure  3.  Typical  universal  copper  cable  design 
consisting  of  10  pairs  with  individual  screening 


4.  Transmission  characteristics  of 

cable  delivery  lengths 

4.1  DC  and  VF  characteristics 

The  tests  have  been  carried  out  on  delivery  lengths  of  1000m  at  a 
temperature  of  20°C  and  a  frequency  of  800  Hz  employing  the 
MEA/KP5  automatic  testing  equipment.  The  results  are  shown  in 
table  1  and  compared  to  the  requirements  of  specification 
IEC/PAS  62255-1  Edition  1.0  “Multi-pair  cables  used  in  high  bit 
rate  digital  access  telecommunication  networks-Part  1:  Outdoor 
cables“ 


Table  1.  DC  and  VF  characteristics  of  individual 
screened  pairs  of  universal  cables 
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3.2.5 

Capacitance  unbalance 
to  ground  @  800  Hz 

<  1600  pF/km 

<  640  pF/km 

Clause 
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3.2.3 

High  frequency  characteristics 


4.2.1  Insertion  loss 

The  achieved  insertion  loss  results  have  been  registered  within  a 
frequency  range  of  1  MHz  and  600  MHz  employing  a  network 
analyzer  of  type  HP  4396  A  considering  the  test  procedure  given 
in  IEC  61156-1  clause  3.3.2. 

More  than  1200  frequency  points  have  been  checked  in  order  to 
detect  undesired  insertion  loss  peaks.  For  the  selected  frequency 
range  favorable  smooth  curves  have  been  recorded. 

In  comparison  to  the  requirements  of  specification  IEC/PAS 
61156-5,  category  7  the  obtained  results  for  insertion  loss  of 
universal  cables  exhibit  an  advantageous  headroom  of  approxi¬ 
mately  20%  for  a  wide  frequency  range  compared  to  the 
international  specified  level  as  shown  in  figure  4. 


Frequency  [MHz] 

Figure  4.  Insertion  loss  for  pairs  of  copper 
universal  cable 


4.2.2  Velocity  of  propagation 

The  velocity  of  propagation  has  been  verified  according  the  test 
method  described  in  IEC  61 156-1  clause  3.3.1  up  to  a  freouencv 
of  600  MHz. 

As  recorded  in  figure  5  the  velocity  of  propagation  has  been 
detected  well  above  the  specified  value  of  at  least  60  %  with  0,79 
c  as  an  average  value  and  0,78  c  as  a  minimum  figure  according 
to  the  test  configuration  in  IEC/PAS  62255-1,  clause  3.3.1. 


Figure  5.  Velocity  of  propagation  of  copper 
universal  cables 


4.2.3  Near  end  crosstalk  attenuation  (NEXT) 

The  tests  for  NEXT  have  been  executed  from  both  sides  of  the 
delivery  lengths  within  a  frequency  range  from  1  MHz  to  600 
MHz  employing  the  test  method  given  in  IEC  61156-1  clause 
3.3.4.  Due  to  the  strong  frequency  dependency  of  NEXT 
characteristic  a  minimum  of  1200  frequency  points  have  been 
performed  concerning  combinations  between  neighbor  quads.  The 
pairs  not  under  test  have  been  terminated  with  the  nominal 
characteristic  impedance. 

Figure  6  shows  the  measured  NEXT  values  in  relationship  to  the 
requirements  of  IEC/PAS  61 156-5.  These  test  results  show  the 
expected  high  quality  level  of  these  individual  screened  pairs  with 
a  remarkable  head  room  of  almost  10  dB  for  nearly  the  whole 
frequency  range.  Such  a  high  NEXT-level  can  only  be  reached  by 
using  pairs  with  individual  screening.  It  guarantees  network 
carriers  the  capability  and  planning  safety  of  operations  for  future 
upcoming  transmission  systems. 
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Frequency  [MHz] 

Figure  6.  Near  end  crosstalk  attenuation  of 
adjacent  pairs  in  universal  cables 

4.2.4  Far  end  crosstalk  attenuation  (FEXT) 

The  examinations  have  been  carried  out  within  a  frequency  range 
from  1MHz  to  600  MHz  considering  the  test  procedure  of  IEC 
61156-1  clause  3.3.5. 

Figure  7  shows  the  plots  of  all  possible  combinations  compared 
with  the  requirements  of  IEC/PAS  61156-5  resp.  DIS  ISO/IEC 
11801  2nd  edition. 
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Figure  7.  FEXT  values  of  individual  screened  pairs 
in  universal  cables 

Taking  the  calculated  ELFEXT-values  into  account  it  can  be 
summarized  that  the  obtained  level  for  PiMF-elements  of 
universal  cables  meets  clearly  the  above  mentioned  international 
specified  requirements. 

4.2.5  Return  loss 

In  order  to  verify  the  transmission  quality  of  the  whole 
cabling  the  return  loss  property  represents  a  reliable 
indicator  for  links  and  channels.  Thus  also  cables  as  an 
important  part  of  the  transmission  line  have  been  examined 
up  to  a  frequency  of  600  MHz  upon  terminated  screened 
pairs  using  IEC  61156-1,  clause  3.3.7  as  test  procedure. 


Frequency  (MHz] 


Figure  8.  Return  loss  values  of  individual 
screened  pairs  in  universal  cables 

Figure  8  shows  the  recorded  curves  comprising  all  possible 
combinations  of  the  cable  under  test.  In  comparison  to  the 
requirements  of  IEC/PAS  61156-5  the  reached  return  loss  values 
meet  the  specification  with  a  clear  sufficient  headroom. 

4.2.6  Characteristic  impedance 

Examinations  have  been  made  in  the  frequency  range  from  1 
MHz  to  600  MHz  employing  the  open/short  circuit  test  method 
according  IEC  61156-1  clause  3.3.6  The  achieved  characteristic 
impedance  values  have  been  detected  at  130  Q  +  25  Q  for  the 
frequency  range  between  200  MHz  and  600  MHz,  1 30  Q  ±  22  Q 
between  100  MHz  and  250  MHz  and  130  Q  ±  15  Q  regarding  the 
range  4  MHz  up  to  100  MHz. 


4.2.7  Longitudinal  conversion  loss  (LCL) 

The  investigations  have  been  executed  upon  the  test  procedure 
described  in  IEC/PAS  61156,  clause  3.3.3  up  to  a  frequency  of 
100  MHz  achieving  minimum  LCL  values  of  40  dB. 


4.3  Mechanical  properties  of  universal  cables 

4.3.1  Longitudinal  watertightness 

Since  an  universal  cable  is  also  employed  for  outdoor  applications 
regularly  relevant  cable  properties  have  to  be  achieved 
accordingly,  like  transversal  and  longitudinal  watertightness. 

The  latter  has  been  verified  based  on  the  test  method  according 
IEC  60708  as  shown  in  principle  in  figure  9.  The  test  results  meet 
the  provisions  described  in  the  before  mentioned  specification. 
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Figure  9.  Longitudinal  watertightness  test 

4.3.2  Transversal  watertightness 

For  burial  and  duct  installations  transversal  watertightness  is 
important  to  be  realized  in  order  to  ensure  a  life  expectance  time 
of  at  least  20  years.  This  fundamental  requirement  has  been 
reached  by  an  reliable  aluminum/polyolefm  moisture  barrier 
sheath  to  avoid  vapour  permeation  into  the  non-jelly  filled  cable 
core.  Compatible,  completely  water-tight  jointing  systems  have 
also  been  designed  for  achieving  homogeneous  performances  on 
the  whole  link. 

4.3.3  Cable  behavior  under  fire  conditions 

With  respect  to  the  intended  indoor  applications  the  cable  design 
has  to  fulfill  certain  criteria  regarding  fire  load. 

Concerning  flammability  this  universal  cable  has  been  examined 
according  standards  IEC  60332-3-24  and  IEC  60332-3-10.  Here 
the  cable  has  be  mounted  vertically  in  a  test  chamber  of  4  m  high 
under  conditions  listed  up  in  following  table  2. 


Property/Co  ndition 

required  value 

Cable  diameter 

Ignition  source,  propane  flow  rate 

Ignition  source,  airflow  rate 

Flame  configuration,  overall  height 

Flame  configuration,  blue  cone  height 
Flame  application  time 

22,3.  mm 

39  Vh 

600  1/h 

170-190  mm 

50-60  mm 

70  sec 

Table  2.  Flame  test  conditions  for  universal  cable 
Examination 
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The  test  results  meet  the  international  defined  requirements 
considering  a  time  of  burning  after  removing  the  flame  of  1 5  s 
and  a  damaged  cable  section  of  1 20  mm. 

4.3.4  Smoke  density 

As  a  further  important  indoor  cable  characteristic  in  case  of  fire 
load  the  smoke  density  has  to  be  tested  within  a  cube  according  to 
IEC  61034-2  procedure.  As  a  favorable  result  the  achieved  light 
transmission  decrease  can  be  announced  with  66  %. 


5.  Connecting  hardware  for  cable  links 

This  contribution  describes  a  complete  cabling  concept  consisting 
of  cables  and  components  like  special  jointing  sleeves  and 
adequate  termination  boxes. 

5.1  Copper  conductor  connecting  technology 

A  special  insulation  displacement  connection  technology  (ID C) 
has  been  applied  generally.  Considering  pairs  with  individual 
screening  a  metal  separation  is  designed  for  the  connection 
blocks  as  shown  in  figure  10  principle.  Those  compax  modules 
enable  the  connection  to  be  performed  almost  without  untwisting 
the  pairs  or  interrupting  shielding  continuity,  hence  maintaining 
the  existing  NEXT  level  of  cables. 


Figure  10.  IDC-technique  in  principle 


5.2  Jointing  sleeve  technique 

The  jointing  sleeve  component  range  is  based  on  a  modular 
concept  and  a  fully  mechanical,  fully  reversable  watertight 
system.  This  allows  easy  upgrades  to  the  network  and  fast 
accessibility  to  the  splices  at  any  time  of  copper  conductors 
without  the  need  for  any  special  tools  or  spare  parts. 

Generally  the  design  of  these  jointing  sleeves  consist  of 
thermoplastic  rectangular  boxes  suitable  for  buried,  manhole  and 
aerial,  Telcordia  GR771  compliant  application.  The  closures  are 
also  pressurizable.  All  sealing  components  are  reversible,  re¬ 
usable  and  designed  for  fast  and  simplified  tool  less  installation 
procedures.  External  grounding  can  be  assured  by  a  copper  plug. 

Two  optimized  dimensions  are  available: 

WTC  1:  L  390  mm  x  W  178  mm  x  H  123,5  mm 
WTC  2:  L  500  mm  x  W  262  mm  x  H  179  mm 

For  the  described  cable  design  with  individual  screened  pairs  a 
WTC  I  joint  sleeve  has  been  equipped  with  a  Faraday  cage  and 
screened  copper  splice  modules.  These  IDC  Compax  components 
assure  both  pairs  and  individual  screen  continuity.  All 
connections  are  then  introduced  into  the  Faraday  cage.  In  figure 
1 1  above  an  individual  IDC  Compax  modul  is  drawn  and  in  the 


below  part  of  the  figure  a  complete  mounted  jointing  sleeve  is 
shown. 


Figure  11.  Completed  jointing  sleeve  WTC1  with 
compax  modules  and  10  individual  screened 
pairs 

In  case  of  copper/optical  fibre  cables  the  WTC  2-jointing  sleeve 
type  assures  both  copper  and  fibre  interconnections  management. 

The  incoming  cables  are  anchored  on  the  bottom  of  the  closure, 
where  the  over-length  of  fibre  tubes  is  stored.  Cable  guides  assure 
the  minimum  bending  radius  of  the  fibre  tubes  which  are  then 
routed  towards  the  top  level  of  the  closure  where  the  splice 
modules  for  fibres  are  located.  The  compax-modules  are  located 
in  the  bottom  level  below  the  fibre  splice  section.  Figure  12 
exhibits  such  a  copper/OF-hybrid  jointing  sleeve.  FiberArt  fibre 
management  modules  have  been  chosen  due  to  their  modularity, 
compactness,  and  ability  to  manage  mechanically  independent 
optical  circuits. 
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Figure  12.  Copper/OF-jointing  sleeve 

Regarding  the  termination  technology  both  the  comp  ax  IDC 
blocks  and  optical  fibre  devices  as  described  before  are  employed 
accordingly. 

Tests  which  have  been  made  upon  transmission  characteristics  of 
cable  links  including  jointing  technique  up  to  600  MHz  express 
very  clear  only  a  neglectable  deterioration  of  the  link  quality 
caused  by  this  jointing  technique.  This  has  been  verified  in 
particular  respecting  the  return  loss  behavior  however  one  has  to 
take  care  for  connections  at  the  beginning  of  a  transmission  link. 

Here  the  screening  of  transmission  elements  towards  the 
connecting  hardware  have  to  be  executed  very  accurate  and  the 
pair  twisting  should  be  maintained  as  far  as  possible.  The 
influence  of  a  connection  within  jointing  sleeves  after  a  cable 
section  of  more  than  50  m  is  neglectable. 


the  channel  configuration  to  be  used  for  future  access  network 
applications. 

Figure  14  exhibits  the  link  configuration  prepared  for  the  xDSL- 
transmission  tests. 


indent 
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Figure  14.  Channel  structure  for  transmission  of 
xDSL-  systems 


6.3  Correlation  between  data  transmission  rate  and 
system  drive  length 

The  practical  test  configuration  in  laboratory  is  shown  in  figure 
15. 


6.Channel  characteristics  using  different 
transmission  applications 

6.1  Channel  configuration  consisting  of  universal 
cables  and  components 

In  order  to  detect  the  possible  drive  distance  for  transmission 
systems  the  channel  length  have  been  varied  by  switching 
together  pairs  of  a  universal  cable  length  according  to  figure  13. 
This  configuration  has  been  chosen  to  simulate  a  certain  noise 
level  influencing  the  signal  operation  as  it  happens  in  practice. 


Transmitter  connection  of 


Figure  13.  Channel  configuration  enabling 
variable  lenghts 


Figure  15.  Test  configuration  in  laboratory 


The  obtained  results  are  shown  in  a  graphical  performance  in 
figure  16  and  17.  It  should  be  pointed  out  that  a  one-pair  SDSL- 
system  and  a  one-pair  ADSL  system  (frequency  band  above 
ISDN)  has  been  taken  under  operation  for  the  test.  Regarding  the 
noise  margin  the  international  specified  value  of  6  dB  had  been 
taken  under  consideration. 


6.2  Structure  of  channel  configuration 

Various  transmission  systems  have  been  connected  to  the  above 
described  cable  link  in  order  to  determine  the  overall  capability  of 
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Figure  16.  Correlation  between  data  transmission 
rate  and  system  drive  lenght  concerning  SDSL- 
technique 


Regarding  the  SDSL  application  a  maximum  data  rate  of  2,3 
Mbit/s  downstream  and  upstream  has  been  put  under  operation. 

The  main  result  of  theses  measurements  are  as  follows:  With 
respect  to  the  investigated  SDSL-operation  a  drive  length  of  6,43 
km  transmitting  a  data  rate  of  2,304  Mbit/s  has  been  achieved. 
Above  this  drive  length  the  data  transfer  rate  was  decreased  by  the 
transmission  system  as  shown  in  figure  16. 

It  must  be  stated  that  the  measured  values  are  very  close  to  the 
theoretical  calculations. 


Figure  17.  Correlation  between  data  transmission 
rate  and  system  drive  lenght  regarding  an  ADSL  - 
operation/interleaved  channel 


Relating  the  ADSL-system  a  data  stream  of  maximum  8  Mbit/s 
downstream  and  1  Mbit/s  upstream  has  been  performed. In  figure 
17  the  collected  results  for  an  ADSL-operation  (ITU-T  G992.1, 
Annex  B)  are  drawn  graphically.  Up  to  a  drive  length  of  almost 
4,0  km  a  maximum  data  rate  of  7,6  Mbit/s  downstream  has  been 
achieved.  Above  this  distance  the  data  transfer  rate  was 
decreased  by  the  transmission  system  itself. 

In  figure  18  an  overview  considering  the  obtained  results  for 
xDSL-Systems  together  with  the  conventional  PCM  30  and  an 
Ethernet  lOBaseT-  technology  are  shown  regarding  relationship 
for  drive  length  and  data  rate. 


Ethernet  ADSL 


Drive  lenght - ►  [km] 

Figure  18.  Comparison  between  transmission 
systems  regarding  data  rate  and  drive  distance 


7.  Conclusion 

•  Universal  cables  including  adequate  connecting  hardware  are 
necessary  to  erect  a  most  economical  generic  cabling  solution 
since  this  technology  serves  for  both  outdoor  and  indoor  cable 
sections. 

•  Cost  reduction  for  the  total  cable  plant  if  no  installation  for  an 
additional  building  entrance  facility  is  needed. 

•  Time  and  space  saving  installation  concept  due  to  a  non- 
erectable  additional  BEF  and  universal  cable  application. 

•  This  universal  cable  design  offers  reliable  and  application 
independent  broadband  transmission  compatibility  including 
cable  sharing  by  using  individual  screened  pairs  which 
guarantees  planning  security  for  a  period  of  at  least  a  decade. 

•  No  electrical  mismatching  between  indoor  and  outdoor  cables 
since  the  cable  design  does  not  change  between  the  burial  and  the 
indoor  section  of  the  total  transmission  link. 

•  Most  recent  connecting  hardware  integrated  in  special  jointing 
sleeves  and  termination  boxes  do  not  influence  the  transmission 
quality  of  links  and  channels  unfavorable  since  the  pairs  remain 
almost  untwisted  and  the  Faraday  cage  of  the  individual  pair 
screening  is  applied  continuously. 

•  The  employed  jointing  sleeves  and  termination  boxes  can  be 
applied  to  copper/OF-hybrid  cable  links  enabling  a  rapid  standard 
installation  and  upgrade  of  the  hybrid  cable  networks. 

•  Electrical  and  mechanical  stability  of  cable  transmission 
characteristics  after  laying  procedure  have  been  achieved 
favourably  independent  from  environmental  conditions. 
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Abstract 

Automatic  copper  cross  connect,  installed  in  central 
office  or  remote  cabinet  automates  initial  service  deployment  and 
service  migration.  This  system  reduces  space  and  permits  in 
general  to  make  remotely  lines  tests  :  loop  qualification,  single 
line  test,  loop  back,  monitoring, ... 

In  July  2001,  the  first  automatic  Main  Distribution  Frame  has 
been  implemented  in  one  central  office  of  the  access  network  of 
France  Telecom  at  Rennes.  The  automated  copper  cross  connect 
equipment,  remotely  controlled  from  the  main  central  office, 
switches  any  customer  to  any  services  (POTS,  Tl/EI,  XDSL^ 
ISDN),  providing  rapidly  services  installation  and  reducing 
wiring  errors.  Cross  connection  process  are  controlled  through 
software  from  remote  location.  This  software  manages  the 
connections,  is  easy  to  use  and  permits  to  have  a  better  database 
management  compare  to  manual  cross  connect  solution. 

Results  of  this  experimentation  will  be  given  in  the 
paper  and  the  analysis  permits  a  better  knowledge  of  technical 
networks  evolution  necessary  for  a  future  field  deployment. 

This  field  trial  experimented  in  Rennes  is  issued  from  the  studies 
of  France  Telecom  R&D  laboratories.  All  existing  cross  connect 
technology  are  evaluated  as  well  as  hardware,  software  and 
integration  in  the  access  networks. 

In  business  access  networks,  we  shown  that  automatic 
cross  connect  systems  could  be  used  to  provide  voice  and  data 
lines  (xDSL,  LAN,...)  and  to  accommodate  the  rapid  operations 
changes  by  an  automatic  wire  replacing  with  a  simple  remote 
terminal  operation. 

The  paper  concludes  on  the  interest  of  the  automatic 
flexibility  in  access  network  providing  easy  and  rapid  new 
services  installation  for  customers,  reducing  operating  costs  and 
increasing  access  network  reliability. 

Keywords 

Automatic  cross  connect  systems;  access  network;  cabling  systems; 

1.  Introduction 

The  flexibility  points  of  a  telecommunications  wired  network 
provide  the  physical  links  between  a  customer  and  the 
telecommunication  service  operator.  From  the  creation  of  this 
network,  all  of  these  flexibility  points  are  managed  manually 
(installation,  operation  and  maintenance).  This  management  is 
heavy  in  terms  of  direct  (travel,  labor,  equipment,  logistics)  and 
indirect  (DB  reliability,  maintenance  of  quality  of  service,  etc.) 
operating  costs.  The  increase  in  network  data  rates,  the 


multiplication  of  xDSL  type  broadband  transmission  technologies 
and  associated  services  significantly  increase  the  number  of 
interventions  at  the  level  of  these  flexibility  points  and  require  the 
order/delivery  process  to  be  optimized.  To  respond  to  the 
increasing  demands  of  our  customers,  one  solution  is  to 
management  the  crossconnection  of  the  network  flexibility  points 
in  a  way  that  is  automatic,  reconfigurable  and  that  can  be 
controlled  remotely.  Equipment  exists  on  the  market  and  the 
evaluation  and  integration  of  this  equipment  is  one  activity  of  the 
France  Telecom  R&D  laboratories  at  Lannion.  This  document 
describes  the  existing  functionalities  of  the  private  and  access 
network  flexibility  points,  the  different  technologies  and 
performances  of  automatic  crossconnection  and  finally  describes 
the  methodology  for  introducing  this  type  of  system  within  the 
context  of  initial  trials  conducted  by  France  Telecom  in  2001  on  a 
real  site. 


2.  Network  flexibility  points:  Which 
functionalities? 

The  classic  construction  of  an  access  network  and  of  a  network 
terminal  cabling  is  shown  in  figure  1  below.  The  flexibility  points 
are  located  throughout  the  system,  from  the  telephone  exchange 
to  the  customers.  Each  customer  is  connected  to  the  operator 
network  by  a  set  of  telephone  pairs  that  are  interconnected  at  the 
level  of  the  flexibility  points.  Each  pair  in  the  network  is 
identified  so  as  to  determine  the  exact  physical  path  between  the 
telecommunication  equipment  in  the  central  office  and  the 
geographic  area  of  each  customer.  For  the  France  Telecom  access 
network,  the  main  element  of  flexibility  is  the  main  distribution 
frame  located  at  the  central  office,  then  there  is  the  area  remote 
cabinet,  building  distributor,  the  distribution  point  and  finally  the 
customer  cabling  system. 


Figure  1:  Block  diagram  of  a  telecommunications  network 
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Connecting  a  customer  to  the  various  services  provided  by 
the  operator  requires  physical  operations  at  the  level  of  the  main 
distribution  frame,  the  RC  or  BD  and  the  DP  depending  on  the 
case.  The  connection  operations  involve  laying  one  or  more 
jumpers  (twisted  copper  pair)  between  different  interconnection 
elements  of  the  type  cable  terminals,  management  elements  and 
connectors. 

The  flexibility  points  are  the  elements  of  transition  between 
parts  of  the  network  that  have  different  rates  of  occupation,  thus 
enabling  the  network  to  be  managed  flexibly  and  particularly  the 
cable  and  telecommunication  equipment  resources  to  be 
optimized. 

The  operating  functionalities  are: 

-  Creation  or  termination  of  lines 

-  Identification  of  lines  and  equipment 

-  Taking  of  measuring  points  for  preventive  and  curative 
maintenance. 

-  The  rapid  movement  of  lines  (line  changes)  during  cable 
grouping  operations  or  the  change  of  generation  of  active 
equipment 

-  The  evolution  of  services  requiring  crossconnection  or 
interconnection  of  a  customer  line  between  different 
telecommunication  equipment  (e.g.  Subscriber  Connection 
Unit,  DSLAM,  subscriber  multiplexers, .) 

3.  Why  automate  the  flexibility  points? 

Flexibility  in  the  network  infrastructures  (access  and  private 
domain)  must  make  it  possible  to  respond  to  changes  linked  not 
only  to  the  diversification  and  multiplicity  of  the  services  offered, 
to  the  increased  volatility  and  mobility  of  the  customers,  but  also 
to  the  multiplicity  of  local  loop  telecommunications  actors. 
Introducing  automation  at  these  flexibility  points  will  enable  new 
functionalities  to  be  offered  for  tomorrow's  networks.  The 
increase  in  data  rates  on  the  networks  associated  with  the 
multiplication  of  broadband  technologies  eventually  deployed  on 
all  the  network  flexibility  points  (MDF,  RC,  BD,  customer  BD) 
will  significantly  increase  the  number  of  operations  and  require 
the  optimization  of  the  ordering/delivery  processes. 

With  regard  to  the  operator,  the  necessity  of  lowering  network 
operating  costs  and  optimizing  Quality  of  service  (QoS)  also 
impels  us  to  make  the  access  network  flexibility  points  more 
efficient.  The  technical  management  of  documentation  is 
currently  manual  and  there  is  no  consistency  between  physical 
links  made  in  the  field  and  the  descriptive  data.  Automation 
would  enable  us  to  attain  reliability  levels  for  the  databases. 
These  databases  are  vital  in  the  technical  optimization  of  the 
network  and  concern  the  reduction  of  high  indirect  operating 
costs. 

Functions  of  the  automatic  crossconnect  equipment : 

-  Automatic  crossconnect  functions  : 

o  Can  be  controlled  locally  and  remotely 

o  Provides  the  automatic  construction  and 
deconstruction  of  metallic  links 


o  Enables  equipment/network  pairs  to  be  identified, 
etc. 

o  Retains  the  "jumper”  performances  (transmission 
characteristics) 

o  Provides  a  flexible  management  identical  to  the 
function  of  the  jumper 

Provide  the  crossconnect  terminal  with  new  functions 
o  Enables  the  automatic  management  of  the 

equipment  (optimization  of  the  busy  rate  of 
the  equipment  cards,  etc.) 
o  Gives  access  to  all  the  pairs  for  testing 
(preventive,  curative) 
o  Provides  remote  supervision 
o  Enables  services  to  be  provided  rapidly  to  the 
customers. 

Interface  with  the  order  management  processes 
o  Allows  interfacing  with  the  descriptive 
databases 

o  Enables  the  consistency  of  the  databases  to  be 
verified 

4.  Technical  solutions 

There  are  several  technologies:  robotic  technology  crossconnect 
systems,  relay  and  micro-relay  crossconnect  systems.  The  work  of 
France  Telecom  R&D  in  evaluating  the  performance  of  these 
systems  involves  establishing  specifications  from  a  hardware 
(transmission  parameters,  EMC,  environment,  etc.)  and  software 
(HMI,  control  architecture)  point  of  view,  integrating  them  into 
the  access  and  private  networks  as  well  as  technical  and  economic 
studies  on  the  subject. 

The  principles  used  on  these  different  equipment  types  enable 
"any  to  any”  flexibility  via  an  assembly  in  a  Clos  interconnection 
crossconnect  network  by  ensuring  a  very  low  blockage  rate  (in  the 
order  of  10"7).  These  systems  allow  the  physical  interconnected 
links  to  be  conserved  in  the  event  of  power  failure. 

Table  1  below  summarizes  the  main  characteristics  of  the 
different  technologies  currently  available  on  the  market. 


Technology 

Advantages 

Disadvantages 

Pins 

-  very  high  density 

-  proven  technology 

-  only  the  LAN 
crossconnect  system 
uses  pins 

-  slow 

-  sequential  connections 

-  noisy 

-  low  connection 
repeatability 

Relays 

-  Rapidity 

-Simultaneous 

switchovers 

-  low  density 

-  does  no  support  LAN 

Micro-relays 

-  High  density 

-  Rapidity 

-  Simultaneous 
switchovers 

-  Density  lower  than  the 
automatic  and  pin 
crossconnect  systems 

-  No  high  capacity  for  the 
moment 

Table  1:  Comparison  of  automatic  crossconnect  technologies 
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The  main  advantage  of  the  pin  technology  is  its  density,  which 
enables  the  entire  main  distribution  frame  to  be  automated  but  its 
fault  is  its  slowness  of  the  connections  and  disconnections. 

Relay  technology  is  rapid  but  has  the  disadvantage  of  not  being 
very  dense.  These  systems  are  generally  small  capacity  systems. 

Micro-relay  technology  combines  the  rapidity  of  relays  with 
(almost)  the  density  of  the  pin  system.  There  is  however  currently 
no  high  capacity  system. 

The  choice  of  automatic  crossconnect  technology  will  be  made 
according  to  the  field  used,  the  capacity  of  the  flexibility  points  to 
automate  and  the  applications  required  to  be  deployed  in  the 
network. 

5.  Methodology  for  integrating  automatic 
systems:  FT  trials 

In  this  section,  we  will  be  describing  the  methodology  for 
integrating  an  item  of  automatic  crossconnect  equipment  on  an 
experimental  site. 

Indeed,  initial  testing  on  the  automatic  crossconnect  system  was 
undertaken  in  the  access  network  in  cooperation  with  France 
Telecom  operating  services.  A  main  distribution  frame  (of  class  4 
type)  fully  switched  over  in  July  2001  to  the  automatic 
management  of  the  physical  links,  particularly  simplifying  the 
delivery  of  services  to  the  customers  served  by  this  distribution 
frame.  The  system  installed  on  the  trial  site  automatically 
connects  pairs  through  an  automated  system  that  retains  a 
physical  memory  in  the  event  of  power  failure.  The  manual 
operation  of  wiring  is  now  replaced  by  running  a  command  on  an 
HMI  controlled  by  teams  whose  purpose  is  specifically  to  control 
the  activity  of  the  distribution  frames. 

5.1  Different  phases: 

The  trials  were  implemented  in  several  phases  over  a  period  of  10 
months,  culminating  in  the  start  up  of  the  automatic  distribution 
frame  in  July  2001.  To  obtain  this  result,  the  actions  were  carried 
out  sequentially  in  the  following  chronological  order: 

Phase  1:  Choice  of  the  site  and  inventory  of  fixtures 

-  Establishment  of  the  detailed  composition  of  the  main 
distribution  frame  in  terms  of  equipment  and  transport  pairs. 
Gathering  information  from  the  different  contributors  to  the 
project. 

Phase  2:  Technical  preparation  for  the  trials 

-  Study  of  the  current  cabling  engineering  rules  for  adapting  the 
automatic  distribution  frame  to  the  management  of  connections. 

-  Study  of  the  control  architecture  and  of  the  human/machine 
interface  configuration. 

-  Definition  of  the  specifications  for  the  equipment  order. 

Phase  3:  Installation  of  the  equipment 

-  Uppading  the  existing  distribution  frame,  laying  the  cable  trays, 
providing  the  power  supply. 

-  Factory  acceptance  and  validation  of  the  system  (distribution 
frame,  HMI,  control  architecture). 


-  Cabling  on  the  main  distribution  frame,  installation  and  test  of 
the  control  architecture. 

Phase  4:  Start  up  and  training 

-  Switchover  from  manual  to  automatic  management. 

-  Fault  reporting  and  technological  survey 

-  Informing  and  training  the  operators  concerned  (operation  and 
maintenance) 

5.2  Composition  of  the  main  distribution 
frame 

The  inventory  of  fixtures  for  the  distribution  frame  is  the  basic 
element  for  determining  the  capacity  of  the  automatic 
crossconnect  equipment  to  be  installed.  The  composition  of  the 
exchange  is  given  by  a  descriptive  database  that  groups  all  the 
information  on  the  physical  line  of  the  customer  (telephone  no., 
equipment  no.,  transport  pair  no.,  distribution  pair  no.,  address! 
customer  name,  type  of  line). 

The  various  elements  installed  number  3172  (number  of  pairs 
installed)  and  comprise  analog,  ISDN,  small  capacity  multiplexer 
(PCM  2  and  11),  ADSL,  payphone,  and  leased  link  (HDSL) 
types. 

5.3  Equipment  hardware  integration  with 
respect  to  the  existing  distribution  frame 

The  equipment  was  connected  in  parallel  to  the  traditional  wiring 
system  and  "isolated"  on  the  equipment  end  by  isolation  systems 
integrated  with  the  existing  management  elements  of  the 
equipment.  This  isolation  was  necessary  owing  to  the  factory  pre¬ 
configuration  of  the  automatic  distribution  frame. 

There  are  different  cabling  rules  according  to  the  services.  The 
equipment  cabling  had  to  be  adapted  to  the  traditional  cabling, 
because  the  major  constraint  of  this  integration  is  the  transparency 
of  the  automatic  crossconnect  system  with  respect  to  manual 
cabling.  The  block  diagrams  for  the  main  services  are  shown  in 
figure  2  below.  The  diagrams  show  the  comparison  between  the 
connection  principles  of  traditional  cabling  by  "crosconnects"  and 
the  cabling  of  the  automatic  crossconnect  equipment  (auto  DF) 
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Payphone  block  diagram 


Trad,  wiring  : 
Auto  DF  wiring ; 


Figure  2  -  Block  diagrams  of  the  auto  DF  according  to  the 
services 


U.R.P.:  Payphone  connection  unit 

P.C.M.:  Subscriber  multiplexer  (increases  the  transport  pairs  by 
multiplexing  2  or  1 1  subscribers  on  the  same  pair) 


A.D.S.L.:  Broadband  system  on  copper  support  superposed  on  the 
telephone  line 

5.4  Description  of  the  control  architecture 

The  technician  who  operate  in  "activity  control  rooms"  carried  out 
the  remote  operation  of  the  equipment  tested.  Their  normal  role 
includes  receiving  customer  faults  and  organizing  the  work  of  the 
technicians  intervening  on  the  network.  It  was  therefore  necessary 
to  install  a  control  station  in  the  "activity  control  rooms"  of  the 
France  Telecom  General  Public  Agency  (responsible  for  domestic 
customers).  A  station  was  also  installed  in  the  Business  Service 
Unit  (responsible  for  professional  customers).  Finally,  to  cover 
failures  during  non-working  hours,  it  was  necessary  to  install  a 
third  workstation  in  the  premises  of  the  Local  Maintenance  Group 
(G.I.L.).  Three  control  workstations  were  therefore  necessary  for 
the  operation  of  the  automatic  DF  (see  figure  3). 


the  system  control  component.  This  software  had  to  be 
customized  at  the  level  of  the  visual  interface  to  enable  it  to  be 
integrated  into  the  France  Telecom  network  with  a  maximum  of 
transparency  for  the  operators.  We  developed  an  organizational 
tree  structure  for  the  equipment  ports  according  to  the  France 
Telecom  notations  used  in  our  descriptive  databases.  Hence,  we 
organized  the  following  tree  structure  for  the  ordinary  lines: 


5.6  Principle  of  operation 

A  work  order  sheet  is  emitted  for  the  creation, 
cancellation  or  change  of  telephone  line.  This  is  interpreted  by  an 
operator  who  enters  the  order  on  the  remote  management  Human 
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Machine  Interface.  For  a  line  change,  the  agent  must  then  update 
the  42C  database. 


With  the  automation  of  the  distribution  frame,  the  same 
person  carries  out  this  procedure,  whereas  in  the  manual 
procedure  two  people  are  required  to  carry  out  the  work.  The  first 
received  the  work  order  (W.O.)  and  then  controlled  the  on-site 
intervention  of  a  line  operator  to  make  the  manual 
crossconnections  then  updated  the  42C  information  when  the 
intervention  was  completed. 


Operator 


_ t . 

42C  update 


Figure  5  -  Principle  of  operation  of  the  automatic 
distribution  frame  for  the  trials 

5.7  Report 

The  technical  testing  of  the  first  automatic  distribution 
frame  in  a  class  4  revealed  itself  to  be  highly  productive  from  the 
technical  point  of  view  and  shows  that  the  studies  and  integration 
that  were  conducted  will  enable  other  distribution  frames  of  any 
size  and  composition  to  be  automated  more  easily.  A  major 
evolution  would  be  to  fully  automate  the  procedure  described  in 
section  5.6  by  creating  a  direct  interface  between  the  France 
Telecom  databases  and  the  operating  software  of  the  automatic 
crossconnects.  This  would  make  the  documentation  fully  reliable 
and  reduce  the  operating  costs  of  the  automatic  DF. 

Upon  completing  this  installation,  it  appears  that  it  is 
technically  possible  to  automate  the  telecom  access  network 
exchanges.  However,  the  economic  viability  of  these  systems 
remains  to  be  proved.  The  objectives  of  the  France  Telecom  R&D 
research  are  the  interconnection  of  these  systems  with  the  IS  of 
France  Telecom,  and  the  study  of  the  savings  made  by  this  system 
to  characterize/test  the  subscriber  lines.  New  ideas  for  services  are 
also  being  studied. 

6.  Use  of  automatic  crossconnect  systems  in 
customer  terminal  installations 


The  Telecom  operator  access  network  is  not  the  only 
area  in  which  these  systems  can  be  used.  The  multiplicity  of 
communication  services  involves  changes  in  our  way  of 
communicating  that  affect  both  the  active  equipment  and  the 
communication  infrastructures  of  customer  terminal  installations. 


6.1  LAN  network  distribution  frames 

Businesses  have  internal  telephone  and  computer 
networks.  Distribution  frames  are  used  for  these  two  types  of 
links  in  order  to  allocate  resources  to  the  personnel. 


The  automation  of  this  type  of  distribution  frame  is 
currently  being  studied.  Indeed,  integrating  this  type  of  equipment 
adapted  to  the  cabling  of  category  type  5  or  6  would  enable  the 
administrators  of  these  networks  to: 

-  Make  connection  procedures  more  reliable  and  easier 

while  reducing  the  costs  associated  with  manual 
management. 

-  Limit  any  risk  of  connection  error  and  computer  hacking. 

-  Meet  the  temporary  requirements  of  physical  links  in 

infrequently  used  rooms,  meeting  rooms,  etc. 

-  Supply  new  services  within  the  business 

(videoconferencing  on  demand,  resource  roaming,  etc.). 

-  Crossconnection  can  be  managed  locally  or  remotely  and 

does  not  require  any  special  skills  owing  to  the 
development  of  very  user-friendly  HMI. 
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Figure  7:  Principle  of  automation  of  LAN  and  telephone 
distribution  frames 


Room  1 
Telephone 


Room  2 

Telephone  +  ADSL 


Room  3 

Telephone  +  ADSL 


Room  4 
Telephone 


Night  N+1 


Output 

ADSL 

8 

Output 

ADSL 

8 

Output 

ADSL 

8 

Output 

ADSL 

8 

Splitter 


Figure  8:  Example  of  ADSL  link  distribution  in  a  hotel 


For  this  type  of  request,  the  most  suitable  products  are 
those  that  use  relays  or  micro-relays,  taking  into  account  the 
frequency  of  movement  and  the  requirement  for  simultaneous 
connections/disconnections. 


7.  Conclusion 


6.2  Distribution  of  broadband  links  on 
request  in  the  private  domain 

Broadband  needs  are  multiplying  and  ’border  points’ 
become  potential  market  targets  in  this  domain.  In  this  case,  it 
would  appear  to  be  necessary  to  be  able  to  allocate  broadband 
links  dynamically  to  meet  customer  requirements.  A  manufacturer 
in  the  domain  offers,  for  example,  a  system  that  can  distribute 
ADSL  links  automatically  for  the  hotel  industry  in  an  almost 
transparent  manner  for  the  administrator  thanks  to  a  voice  server 
and  interfacing  with  the  management  system  of  the  establishment. 


The  increase  in  data  rates  on  telecommunication  networks 
combined  with  the  multiplication  of  broadband  transmission 
technologies  will  require  the  processes  and  management  of  the 
network  flexibility  elements  to  be  optimized  over  the  coming 
years.  The  introduction  of  automatic  crossconnection  functions  is 
an  innovative  solution  that  enables  these  requirements  to  be  met. 
In  this  domain,  technical  solutions  exist  and  the  initial  trials  of 
automatic  crossconnect  equipment  integration  on  a  real  site  have 
demonstrated  the  technical  potential  of  the  products. 


However,  the  economic  viability  of  these  systems  remains  to  be 
proven  and  the  new  functionalities  allowed  by  the  automation  are 
essential  elements  to  justify  the  introduction  of  this  equipment  at 
the  network  flexibility  points.  The  advantages  associated  with 
automation  will  enable,  by  sharing  the  broadband  accesses,  to 
meet  the  customer  demands  more  satisfactorily  and  to  increase  the 
reliability  of  global  management  of  the  ordering/delivery 
processes  for  the  different  services  offered  to  customers.  In  the 
private  domain,  the  technical  solutions  enable  administrators  to 
make  cabling  more  reliable,  to  free  themselves  from  the 
management  procedures  of  the  cabling  and  thus  to  better  respond 
to  the  needs  of  their  customers. 
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Abstract 

The  development  and  widespread  use  of  services  that  need  high 
speed  in  data  transmission  such  as  VoIP,  teleconference,  high 
speed  internet  are  increasingly  demanding  better  performance 
from  the  metallic  telecommunications  network.  The  new 
technologies  such  as  DSL  were  developed  in  order  to  transmit 
broadband  signals  through  the  metallic  network  as  HDSL, 
ADSL,  RADSL,  VADSL,  etc.  This  technology  was  developed 
to  be  used  in  the  currently  metallic  network  (POTS),  which, 
however,  has  limitations  mainly  due  to  noise  and  crosstalk  from 
different  transmission  systems  sharing  several  cooper  pairs  of 
the  same  cable  at  same  time. 

This  paper  presents  the  development  of  a  new  cooper  pairs  cable 
that  provide  superior  performance  in  frequencies  up  to  40  MHz 
when  compared  to  conventional  cooper  pairs  cables. 

Keywords 

xDSL  cable;  concentric  pairs;  cooper  pairs;  ADSL  emulator 


In  order  to  attend  the  growing  demand  for  bandwidth  in  our 
country  a  new  copper  pairs  cable  has  been  developed  taking  into 
account  the  main  electrical  and  transmission  parameters  like 
NEXT,  FEXT,  Return  Loss,  Impedance  and  other  parameters 
that  providing  enhanced  performance  in  xDSL  system. 

The  transmission  parameters  obtained  in  the  cable  was 
continuously  compared  with  DSL  standards  in  order  to  assure  a 
superior  performance  when  compared  to  conventional  cooper 
pairs  cables. 


2.  xDSL  Technology 

As  well  know,  the  xDSL  technology  was  developed  to  be 
applied  over  standard  telephone  subscriber  lines  and  frequencies 
involved  in  this  transmission  can  reach  up  to  1  MHz  for  ADSL 
and  30  MHz  for  VDSL. 

The  figure  2  and  figure  3  shows  a  typical  ADSL  and  VDSL 
Power  Spectral  Density  versus  frequency. 


1.  Introduction 

The  bandwidth  over  metallic  network  is  raising  very  fast. 
Several  new  services  are  available  to  the  customer  by  using  the 
copper  wire  telephone  infrastructure.  Digital  subscriber  line 
(HDSL,  ADSL,  RADSL,  VDSL,  etc)  is  a  technology  developed 
to  supply  broadband  to  the  customers.  The  figure  1  shows  a 
typical  application  of  DSL  technology  over  metallic  network, 
providing  multiple  services  in  the  last  mile. 


Power 

Spectral 

Density 


0  to  4  kHz  10kHz 


Frequency  (kHz) 


1.1MHz 


Figure  2  -  ADSL  Frequencies  Range[1] 
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Figure  1  -  Typical  xDSL  Network 


Figure  3  -  VDSL  Frequencies  Range[2] 
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3.  Cable  Design 

The  concept  of  the  new  multipair  cable  design  optimized  for 
xDSL  applications  was  developed  following  a  main  premise:  a 
new  cable  design  must  keep  the  basic  constructive 
characteristics  of  a  standardized  model  of  cable  full  compatible 
with  the  present  cooper  access  network  in  Brazil.  According  to 
this  premise,  some  requirements  were  defined  and  followed 
during  the  new  cable  development: 

1.  Characteristics  like  capacitance,  impedance  and  core  layup 
of  the  new  cable  must  be  equivalent  of  the  standard  cables; 

2.  The  transmission  parameters  should  be  in  accordance  to 
current  and  future  specifications  for  xDSL  technologies. 
Along  this  line  aim  is  to  obtain  a  cable  optimized  for 
bandwidth  performance  up  to  40MHz; 

3.  For  the  project  calculation  of  high  frequency  parameters 
was  used  the  H.  Kaden  method  [3].  This  method  considers 
phenomenon  like  skin  and  proximity  effect  for 
determination  of  the  dimensional  of  the  insulated  conductor 
from  the  attenuation  and  impedance  desired.  This  method  is 
widespread  used  for  calculation  of  high  bandwidth  cables 
like  LAN  cables  and  presents  good  results  when  we 
compare  the  calculated  and  measured  results; 

4.  The  crosstalk  level  must  be  minimized.  For  optimize 
crosstalk  level,  the  option  was  reduce  the  lay  length  of  the 
pairs,  in  order  to  keep  the  standardized  core  layup; 

5.  The  process  control  should  be  improved.  An  optimized 
xDSL  cable  needs  more  control  than  a  telephonic  cable  in 
order  to  obtain  a  better  performance  at  high  frequencies. 

3.1  Process  Control 

Furukawa  has  a  large  background  in  the  production  process  and 
control  of  LAN  metallic  cables.  For  this  reason,  it  was  easy  to 
change  the  set  up  of  the  telephone  cables  machines  for 
producing  xDSL  cables. 

Indeed,  the  process  control  used  in  this  new  cable  design  is  far 
better  than  the  control  process  used  to  manufacture  a 
conventional  telephone  cable.  The  tolerances  in  the  process 
parameters  are  much  more  tight.  The  main  parameters  are: 

1 .  Concentricity  of  the  insulation; 

2.  Cooper  and  insulation  diameter; 

3.  The  surface  of  the  conductor  should  be  as  smooth  as 
possible  because  a  skin  effect; 

4.  Tension  of  the  pairs  during  the  tensioning; 

5.  Dimensional  stability  of  the  pairs  lay  length 


3.2  Cable  Core  Layup 

The  figure  04  shows  a  typical  core  layup  of  a  standard  cable. 
This  core  layup  is  the  same  of  the  new  cable. 

Figure  05  and  06  shows  the  configuration  of  100  and  200  pairs 
cables. 


Figure  4-25  Concentric  Pairs  in  the  Same  Unit 


Figure  5-100  Pairs  Core  Layup  (4  Units  of  25 
pairs) 


Figure  6  -  200  Pairs  Core  Layup  (08  Units  of  25 
pairs) 


3.3  Cable  Construction  Comparison 

Table  1  shows  the  construction  comparison  between  the  new 
cable  optimized  for  xDSL  and  a  similar  cable  manufactured 
according  to  telephone  industry  Brazilian  standard  [4]  which 
requirements  are  generally  based  on  REA  specification  PE  22. 
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4.2.1  Attenuation 


Table  1  -  Construction  Comparison  between 
xDSL  Cable  and  Standard  cable 


Construction 

Standard  Cable 

New  xDSL  Cable 

Conductors 

0.5mm  annealed 
cooper 

0.5mm  annealed 
cooper 

Insulation 

Solid  Polyethylene 
with  0.16mm 
thickness 

Solid  Polyethylene 
with  0.19mm 
thickness 

Pair  Lay  Length 

Max.  150mm 

Max.  50mm 

Cable  Core 

Unfilled 

Unfilled 

Core  Wrapping 

Non-hygroscopic 
dielectric  tape 

Non-hygroscopic 
dielectric  tape 

Shield 

Plastic  coated 
Aluminum  Tape 

Plastic  coated 
Aluminum  Tape 

Jacket 

Black  LDPE 

Black  LDPE 

Both  cables  are  used  for  distribution  in  exchange  area  and 
usually  in  duct  or  aerial  lashed  application.  Pressurization  is  not 
applied  in  the  distribution  network,  even  with  unfilled  cables. 


4.  Results  and  Discussions 

The  table  2  describes  the  main  electrical  parameter 
obtained  in  the  new  cable.  The  measurements  were  performed  in 
a  200  pairs  cable  with  a  length  of  2000m.  As  showed  in  the  table 
2,  parameters  like  capacitance  and  impedance  of  the  new  cable 
are  the  same  of  the  standard  cable  in  order  to  keep  the 
compatibility  with  the  current  network.  Other  parameters  like 
resistance  and  capacitance  unbalance  were  narrowed  for 
improving  the  performance  of  the  digital  transmission. 


Table  2  -  Electrical  parameters 


Parameter 

Standard 

xDSL 

Conductor  resistance 

max.(Q/km)  at  20°C 

93 

91 

Resistance  unbalance,  max  (%) 

5 

2 

Capacitance  Avg  (nF/km) 

50 

50 

Capacitance  Unbalance  pair  to 
ground,  max.  (pF/km) 

2,625 

1,000 

Capacitance  Unbalance  pair- 
pair,  max.  (pF/km) 

181 

100 

Dielectric  strength  (V/3s) 

3,000 

1,500 

Insulation  resistance,  min 
(M£Lkm) 

15,000 

20,000 

4.1  Transmission  Parameters 

The  transmission  parameters  were  measured  in  the  frequency 
range  from  1  MHz  up  to  40  MHz.  These  measurements  were 
performed  in  each  group  of  25  pairs  of  a  200  pairs  cable.  The 
results  are  shown  below. 


The  figure  7  and  table  3  shows  the  attenuation  measurements  up 
to  40MHz.  We  compared  the  performance  of  the  new  cable  with 
the  specified  values  according  standard  T  1.4 17-2001  for  a  24 
AWG  PIC  air  core[5].  The  transmission  attenuation  of  the  new 
cable  comply  with  the  attenuation  specified  values. 


Table  3  -  Attenuation  measurements 


Frequency  (MHz) 

xDSL  Max. 
(dB/lOOm) 

Std  Tl.417-2001 
(dB/lOOm) 

0.77 

1.6 

1.7 

1.03 

1.9 

2.0 

6.18 

4.7 

5.0 

10  “1 

6.1 

6.4 

15.4 

7.4 

8.0 

19.6 

8.5 

9.1 

29.3 

10.4 

11.4 

34.3 

11.7 

12.5 

40 

12.6 

13.7 

4.2.2  Impedance 

Measuring  impedance  uniformity  provides  a  good  idea  of  the 
cable’s  construction.  Figure  8  shows  the  fitted  impedance  curve. 
The  impedance  curve  presents  variation  from  95  to  108  £1.  As 
mentioned  before,  the  new  xDSL  cable  has  been  designed  to  be 
compatible  with  the  current  network,  which  have  a  typical 
impedance  of  100CL  However,  the  new  xDSL  cable  shows  a 
better  impedance  uniformity  than  a  standard  cable. 
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Power  Sum  NEXT 
1  Frequency  (MHz) 
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Figure  10  -  Power  Sum  NEXT  Curve 


4.2.3  Return  Loss 

As  well  as  impedance  uniformity,  structural  return  loss  (SRL) 
measurements  provide  a  good  evaluation  of  the  consistency  of 
the  cable’s  construction,  as  SRL  the  deviation  of  impedance 
from  a  nominal  value.  The  figure  9  shows  the  SRL  results.  In  all 
range  of  frequencies,  the  worst  case  measured  was  17dB, 
exceeding  the  minimum  limits  established  for  DSL  technologies^ 
like  ADSL  (lOdB),  SDSL  (I2dB)  [5]  and  VDSL  (12dB)  [6]. 
Good  return  loss  is  the  key  to  high  frequency  data  rate 
performance,  keeping  bit  error  at  an  acceptable  level  within 
systems  expectations.  The  new  cable  design  exceeds  the  SRL 
limits  and  provide  useful  margin  to  accommodate  return  loss 
reduction  by  connectors  and  transmitting/receiving  equipments 
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Figure  11  -  Power  Sum  ELFEXT  Curve 


Figure  9  -  Return  Loss  Curve 


4.2.4  PS  NEXT  and  PS  ELFEXT 

The  Power  Sum  concept  became  very  important  when  you  need 
transmit  DSL  signals  in  several  pairs  of  the  same  cable.  Figures 
10  and  11  shows  the  respective  performance  in  PSNEXT  and 
PSELFEXT  of  the  new  cable  and  the  typical  value  for  a  24 
AWG  PIC  air  core  cable  with  24  disturbers.  The  performance  of 
the  worst  case  of  the  new  cable  is  about  10  dB  better  than  the 
standard  cable. 


5.  Tests  with  ADSL  System  Emulator 

To  evaluate  and  confirm  the  expected  better  performance  of  the 
new  cable  design,  test  loops  were  performed  in  accordance  with 
customer’s  requirements.  When  and  where  appropriate,  ANSI 
standard  T  1.4 1 7-2001  was  used  to  complement  the  performance 
evaluation  requirements.  Figure  12  shows  the  resulting  noise 
power  spectrum  density  of  the  ADSL  interferes  used  for  testing. 

|  PSD(dBrVHz) 
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0  200  400  GOO  800  1000  1200  1400 

Figure  12  -  Power  Spectrum  Density  of  ADSL 
Noise 

The  figure  13  shows  the  test  set  up  used  for  measuring  the 
performance  of  the  ADSL  system  incorporating  test  loops  with  a 
test  length  of  6000m.  The  measurements  were  performed  in 
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1000m  steps  along  the  total  length  of  the  test  loop.  In  this  test 
were  used  three  cables  of  100  pairs.  Field  terminations  blocks 
type  110  IDC  were  used  for  access  the  ends  of  the  cables.  Patch 
cords  cat.  5-e  were  used  as  jumper  to  connect  cables  and 
equipments.  To  obtain  cable  loops  with  more  than  3000  meters, 
it  was  necessary  to  connect  2  units  of  25  pairs  of  the  same  reel. 
The  ADSL  noise  emulator  was  introduced  in  24  pairs  and  in  the 
25th  pair  was  monitored  the  bit  rate  and  the  SNR  using  an  ADSL 
field  tester. 


Figure  13  -  Test  Circuit 


5.1  Results  of  the  Tests  with  ADSL  Signals 


Fig.  15-  Standard  Cable  SNR  with  24  ADSL 
Disturbers  and  3000m 


Table  04  shows  the  bit  rate  of  a  standard  and  the  new  cable  in  a 
loop  of  3000m  and  24  ADSL  disturbers.  This  table  shows  the  bit 
rate  of  the  new  cable  is  about  2  times  of  a  standard  cable. 

Table  04  -  Bit  rate  in  a  3000m  link  with  24  ADSL 
disturbers 


Bit  rate  (kbps) 

Cable 

Up  Stream 

Down  Stream 

Total 

xDSL 

649 

2251 

2900 

Standard 

611 

771 

1382 

Also  was  made  tests  along  the  total  length.  The  performance  of 
the  new  cable  and  standard  cable  was  evaluated  in  links  from 
1000m  up  to  6000m  in  steps  of  1000m  with  24  ADSL  noise 
disturber  emulators.  Figure  16  shows  that  the  new  cable  can 
transmit  2Mbps  (usually  bit  rate  used  by  the  carriers  in  Brazil)  in 
lengths  about  1000m  more  than  a  standard  cable. 


Figures  14  and  15  shows  the  SNR  of  a  cable  xDSL  and  a 
Standard  cable  respectively  in  a  test  with  24  noise  sources  in  a 
length  of  3000m.  The  cable  xDSL  has  a  SNR  up  to  10  dB  better 
than  a  standard  cable. 


Fig.  14  -  xDSL  Cable  SNR  with  24  ADSL 
Disturbers  and  3000m 
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Figure  16  -  Bit  rate  x  Link  Length 


6.  Conclusions 

Due  to  the  growing  of  the  new  technologies  that  demand  more 
and  more  bandwidth  of  the  metallic  cables,  is  advisable  that  the 
new  metallic  networks  should  use  the  new  cables  optimized  for 
this  technologies.  The  new  cable  developed  presents  enhanced 
electrical  and  transmission  characteristics  in  a  range  of 
frequencies  up  to  40  MHz  for  support  the  present  and  future 
technologies.  In  order  to  the  new  cable  to  have  same  main 
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construction  and  electrical  characteristics  of  a  standard  cable,  the 
installation  of  this  cable  became  easy.. 

The  tests  made  with  the  ADSL  noise  emulators  prove  the  better 
performance  in  distance  and  bit  rate  of  the  new  cable  when 
compared  with  a  standard  Brazilian  cable.  The  fact  of  the  new 
cable  to  be  much  similar  of  a  standard  cable,  becomes  the  cost 
of  the  new  cable  very  competitive  with  a  good  relation  cost  x 
benefit. 
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Abstract 

Cable  network  configuration  was  investigated  and  several  types 
of  composite  cables  consisting  of  optical  fibers  and  copper  twisted 
pairs  were  developed,  in  order  to  make  more  efficient  and  flexible 
both  of  the  FTTH  and  xDSL  broadband  network  services.  The 
cables  are  the  most  suitable  for  the  cable  network  configuration. 
The  cable  network  configuration  was  investigated  using  three 
different  case  studies  that  were  according  to  location  and  use.  The 
suitable  cable  structures  for  each  case  were  also  considered,  and 
several  composite  cables  were  developed,  studying  the  important 
factors  in  each  case.  Furthermore,  cable  installation  and  the 
connection  method  for  the  composite  cables  were  investigated. 

Several  composite  cables  were  manufactured  for  the  experiment 
and  evaluated  in  each  case.  Excellent  results  on  their 
characteristics  were  obtained.  In  addition,  it  was  confirmed  that 
composite  cables  can  be  installed  and  connected  to  others  by  using 
conventional  methods  and  closures  for  both  optical  fibers  and 
copper  twisted  pairs.  Moreover,  the  newly  developed  composite 
drop  cable  can  be  draw  into  the  building  with  only  a  single  pipe, 
rather  than  the  two  necessaries  for  optical  fiber  cable  and  copper 
twisted  pairs.  Hence,  it  was  possible  to  provide  various  broadband 
networks  easily,  rapidly  and  economically  by  installing  these 
newly  developed  cables.  Additionally,  by  using  these  composite 
cables  the  load  to  be  held  up  by  the  electric  poles  can  be  reduced 
and  they  visually  improve  the  scenic  outlook. 

Keywords 

Optical  Cable;  Composite  cable;  Broadband  Internet  Services; 
FTTH  Service;  xDSL  Services; 

1.  Introduction 

In  recent  years,  the  requirement  for  data  communication  speeds 
to  increase  has  been  on  the  rise  due  to  further  expansion  of  the 
broadband  Internet  use  by  general  subscribers  as  well  as 
commercial  enterprises^  1]  To  keep  up  with  broadband  networks, 
the  FTTH  technology  using  optical  fibers  are  used  to  apply. 
However,  in  the  present  transition  period  to  the  FTTH,  not  a  few 
people  are  choosing  xDSL  services,  using  conventional  copper 
twisted  pairs  cables,  because  of  its  low  cost.  In  addition,  it  is  easy 
to  join  xDSL  services,  because  the  conventional  copper  twisted 
pairs  cables  are  already  installed  in  existing  buildings.  Also,  the 
area  where  the  FTTH  services  can  be  provided  is  still  quite  small, 
and  even  in  those  areas  xDSL  services  are  usually  available.  [2] 

On  the  other  hand,  it  is  difficult  to  replace  copper  twisted  pairs 
cables  with  optical  fiber  cables  for  the  FTTH  services  perfectly 
outside  urban  area.  Moreover,  in  Japan,  it  is  difficult  to  install 
another  cables  such  as  optical  fibers,  because  the  load  to  electric 
poles  is  very  high  and  most  building  have  only  one  pipe  for  cable 
installation.  Also,  the  installation  adds  considerably  to  the  cost. 

Therefore,  to  resolve  the  above  problems,  new  composite  cables 
were  developed. 


2.  Cable  network  configuration 

First  of  all,  cable  network  configuration  according  to  the 
installation  area  was  investigated,  in  order  to  provide  various 
broadband  network  services  efficiently  and  flexibly.  As  a  result, 
three  cases  were  posited  and  three  types  of  composite  cables  that 
were  most  suitable  for  each  case  were  designed.  These  three  cases 
are  shown  in  Figure  1.  Case  A  is  in  the  distribution  area  from  the 
telecommunication  center  to  the  drop  point,  case  B  is  in  the  drop 
area  from  the  drop  point  to  the  Central  Termination  Flame  (CTF) 
in  buildings,  and  case  C  is  in  the  indoor  area  from  the  CTF  to 
subscriber. 


T  elecommunication 
Center 


Figure  1 .  Model  of  cable  network  configuration 


3.  Cable  structure  design 

3.1  Distribution  cable 

Regarding  case  A,  at  first,  the  cable  is  installed  from  the 
telecommunication  center  to  the  drop  point.  If  the  cable  is  laid 
underground  from  the  telecommunication  center  to  the  first 
electricity  pole,  we  proposed  that  the  distribution  area  is  that  from 
the  point  where  the  cable  come  above  ground  to  the  drop  point. 

This  cable,  consisting  of  optical  fiber  and  copper  twisted  pairs, 
must  be  able  to  be  spliced  and  reconnected  at  any  point  along  the 
cable.  Therefore,  we  needed  to  design  a  cable  which  could  easily 
facilitate  mid  span  branching  and  which  would  keep  slack  length 
of  both  optical  fibers  and  copper  twisted  pairs.  Furthermore,  we 
considered  strength  and  ease  of  manufacturing  the  composite  cable. 
We  determined  that  the  best  composition  for  the  cable  was  to  have 
the  optical  fiber  cable  part  stranded  in  SZ  slotted  core  with  4-fiber 
ribbons,  and  the  copper  twisted  pairs  part  SZ  stranded  outside  of 
the  optical  fiber  cable  part.  Also,  the  optical  fiber  cable  part  was 
sheathed  by  an  inner  jacket  in  the  center  of  the  composite  cable. 
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Therefore,  in  the  case  of  mid  span  branching  or  connecting  only 
copper  twisted  pairs,  these  operations  can  be  carried  out  without 
damaging  the  optical  fiber.  Also,  this  cable  has  a  self-support 
structure  feature  for  installation  in  an  aerial  environment. 

Figure  2  shows  the  composite  distribution  cable.  We  choose  the 
number  of  optical  fibers  and  copper  twisted  pairs  refer  to 
conventional  cables.  For  example,  we  show  the  composite  cables 
that  consist  of  100  core  fibers  and  100  twisted  pairs  and  of  200 
core  fibers  and  100  twisted  pairs. 


Suspension  member 

4-fiber  ribbon 

SZ-slotted  rod 

strength  member 

inner jacket 

copper  twisted  core 

twisted  core  unit  (lOpair) 
(SZ  stranded) 

outer jacket 


(A1)  100  core  fibers  and  100  twisted  pairs  sample 


stranded  in  S  slotted  core  with  4-fiber  ribbons  and  copper  twisted 
pairs  were  S  stranded  outside  of  the  optical  fiber  cable  part. 
Because  this  cable  has  no  need  to  operate  mid  span  branching.  The 
optical  fiber  cable  part  was  sheathed  by  an  inner  jacket  in  the 
center  of  the  composite  cable,  too.  Also,  this  cable  is  used  only 
toward  buildings  at  short  distance.  Therefore,  we  designed  that 
this  cable  is  more  down  sized  by  reducing  the  number  of  fibers 
and  of  twisted  pairs.  The  cable  for  this  case  was  self-support 
structure  or  simply  circle  structure.  We  can  use  different  structure 
considering  installation  case. 

Figure  3  shows  the  composite  drop  cable.  We  choose  the  number 
of  optical  fibers  and  copper  twisted  pairs  refer  to  the  number  of 
people  requiring  FTTH  service  and  xDSL  service  in  the  building 
usual.  For  example,  we  show  the  composite  cables  that  consist  of 
40  core  fibers  and  60  twisted  pairs.  Type  B1  cable  is  self  support 
structure  and  type  B2  cable  is  simple  circle  structure. 

Type  B1  cable  is  installed  directly  in  an  aerial  environment.  Also, 
if  the  cable  is  installed  from  the  outside  of  the  building  to  the  CTF 
in  the  building,  suspension  member  of  the  composite  cable  must 
be  separated  off. 

On  the  other  hand,  type  B2  cable  is  installed  by  applying  hanging 
method  with  the  messenger  wire  in  the  aerial  environment,  such  as 
from  the  drop  point  to  the  outside  of  building.  Also,  if  the  cable  is 
installed  from  the  outside  of  the  building  to  the  CTF  in  the 
building,  the  cable  is  lead  in  the  pipe  directly. 


Suspension  member 

4-fiber  ribbon 

SZ-slotted  rod 

strength  member 

inner jacket 

copper  twisted  core 

twisted  core  unit  (lOpair) 
(SZ  stranded) 

outer jacket 


(A2)  200  core  fibers  and  100  twisted  pairs  sample 
Figure  2.  Distribution  cable  structures 
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inner  jacket 

copper  twisted  core 

twisted  core  unit  (lOpair) 
(S  stranded) 

outer  jacket 


(B1)  Self  support  structure 
(40  core  fibers  and  60  twisted  pairs  sample) 


3.2  Drop  cable 

Next,  about  case  B,  the  cable  is  installed  from  the  drop  point  to 
the  CTF  in  buildings.  We  proposed  that  the  drop  point  is  the 
connecting  point  of  cables  for  draw  cable  into  the  building.  Most 
of  buildings  have  only  one  pipe  for  communication  cable  in  Japan. 
This  pipe  is  not  so  thick.  Therefore,  it  is  forced  to  install  additional 
cable  in  same  pipe  or  to  add  pipe  for  another  cable.  However, 
about  the  former,  it  is  very  difficult  to  lead  another  cable  into  same 
pipe  for  many  bends  are  existed  and  a  part  of  pipe  is  used  flexible 
pipe.  About  the  latter,  it  is  too  expensive  to  construct  or  bury 
another  pipe. 

Therefore,  composite  cable  has  pretty  advantage.  The  important 
property  of  this  cable  is  down  sizing  in  order  to  be  able  to  install  at 
existing  pipe.  Optical  fiber  cable  part  of  this  composite  cable  was 


4- fiber  ribbon 

5- slotted  rod 

strength  member 

inner  jacket 

copper  twisted  core 

twisted  core  unit  (lOpair) 
(S  stranded) 

outer  jacket 


(B2)  Circle  structure 

(40  core  fibers  and  60  twisted  pairs  sample) 
Figure  3.  Drop  cable  structures 
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3.3  Indoor  cable 

For  case  C,  the  communication  cable  is  installed  from  the  CTF 
to  the  subscriber  in  the  buildings.  This  cable  is  required  to  be  able 
to  provide  both  of  the  FTTH  and  xDSL  services  for  each 
subscriber’s  requirement  rapidly,  then  it  should  be  compounded 
optical  fiber  cord  and  copper  twisted  pairs  cord.  The  cable 
structure  is  flat  molded  for  progressing  mechanical  characteristics 
under  installation.  Also,  the  sheath  of  this  composite  cable  should 
be  fire  retardant  polyethylene,  because  the  fire  retardant 
performance  was  demanded  for  indoor  application.  Furthermore, 
this  composite  cable  has  two  notches  on  the  both  side  of  the  sheath, 
for  easy  separating  optical  fiber  cord  and  copper  twisted  pairs  cord 
from  the  cable. 

The  required  number  of  optical  fibers  for  the  FTTH  is  one  or  two, 
which  is  designed  by  FTTH  service  provider.  Most  of  installed 
copper  twisted  pairs  cord  to  the  subscribers  have  one  or  two 
twisted  pairs.  Therefore,  we  designed  this  composite  cable  for 
various  type  combinations  of  the  number  of  optical  fibers  and 
copper  twisted  pairs,  in  really  same  dimension  of  them  as  shown 
in  Figure  4. 

This  time,  the  composite  cable  of  two  core  fibers  and  two  copper 
twisted  pairs  (C4)  was  manufactured,  because  this  combination 
was  considered  the  highest  frequency  of  use. 


1  1  *69,  -  0)*9*6(Srf--0),9:  (5  + 

1  ;  >  0  :  ;  ,  +  7  (  tt  9  ;  >  0  :  ;  ,  +  7(09 

optical  fiber  cord 
twisted  pairs  cord 
molded  sheath 

oe  1  *69,  -  0  >  ft,  9  6<  95  ,+  -  0  )  ,  9  :  (5  + 

0  ;  >  0  :  ?  ,  +  7  {  @  9;  :>  0  :  ;  ,  +  7(09: 

Figure  4.  Indoor  cable  structures 


4.  Cable  characteristics 

In  order  to  evaluate  cable  performance,  composite  cables  of  each 
structure  were  manufactured  for  the  experiment  and  tested. 
Transmission,  environmental  and  mechanical  characteristics  were 
evaluated. 

4.1  Transmission  characteristics 

The  transmission  characteristics  of  each  composite  cable  are 
shown  in  Table  1.  All  of  optical  transmission  losses  are  excellent, 
because  those  values  are  less  than  0.40dB/km  at  1310nm  and  less 
than  0.25dB/km  at  1550nm  that  are  IEC  standards.  Also,  all  of 
characteristics  of  copper  twisted  pairs  are  excellent  as  shown  in 
Table  1. 


Table  1 .  Transmission  characteristics  of  each 
composite  cable _ 


Items 

Distribution  cable 

Drop  cable 

Indoor  cable 

Transmission  loss 

@1310nm 

<0.40dB/km 

<0.40dB/km 

<0.40dB/km 

@1550nm 

<0.25dB/km 

<0.25dB/km 

<0.25dB/km 

Capacitance 

35-45nF/km 

35-45nF/km 

35-45nF/km 

Conductor  Resistance 

<147.5ohm/km 

<147.5ohm/km 

<147.5ohm/km 

Insulation  Resistance 

>5000Mohm 

>5000Mohm 

>5000Mohm 

FEXT 

>42dB/km 

>42dB/km 

4.2  Environmental  characteristics 
Figure  5  and  Figure  6  show  the  optical  loss  changing  in 
temperature  cycling  test  of  each  composite  cable.  The  distribution 
and  drop  cables  were  measured  in  the  range  of -30  to  70  degrees 
centigrade  according  to  outer  environment,  and  the  indoor  cable 
was  measured  in  the  range  of  -20  to  60  degrees  centigrade.  The 
optical  loss  changing  of  all  composite  cables  were  excellent  with 
less  than  O.ldB/km,  at  the  1550nm  measurement  optical 
wavelength. 


temperature  (°C) 


Figure  5.  Temperature  cycling  characteristics  of 
distribution  cable  and  drop  cable 


+20  -20  +60  -20  +60  -20  +60  +20 
temperature  (°C) 

Figure  6.  Temperature  cycling  characteristic  of 
indoor  cable 
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4.3  Mechanical  characteristics 

Table  2  shows  the  results  of  mechanical  characteristics  of  each 
composite  cable.  The  methods  of  examinations  are  based  on  the 
IEC60794-1.  All  of  optical  loss  changings  measured  at  the 
1 550nm  measurement  optical  wavelength,  were  negligible. 


Table  2 

Test  results  of  mechanical  characteristics 
of  each  composite  cable 
(a)  Distribution  and  Drop  cables 

Results  j 

kerns 

Conditions 

Distribution  cables 

1  Drop  cables 

A1 

A2 

B1 

B2 

Repeated 

bending 

Cycle  10 

(R=220mm  for  type  At) 

(R=270mm  for  type  A2) 

(R=160mm  for  typeB) 

Crush 

1960N/100mm 

No 

No 

No 

No 

Tensile 

10.78kN  for  type  A1 

13.72kN  for  type  A2 

6.86kN  for  type  B1 

2.94kN  for  type  B2 

optical 

loss 

changing 

optica! 

loss 

changing 

optical 

loss 

changing 

optical 

loss 

changing 

Squeezing 

1.47kN 

R=250mm 

Torsion 

±90deg/m 

twisting 

Impact 

9.8Nm 

(b)  Indoor  cable 


Conditions 

Results 

Repeated 

bending 

CyclerlO 

R-20mm 

No 

optical 

loss 

changing 

Crush 

980N/100mm 

Squeezing 

196N 

R=250mm 

Impact 

5.  Connection  form  design 

Connection  forms  of  each  composite  cable  were  also  investigated 
to  use  the  cable  in  filed.  The  connection  forms  must  be  considered 
not  only  developed  composite  cables  but  also  conventional  optical 
fibers  and  copper  twisted  pairs  cables.  When  twisted  pairs  arc 
connected,  they  must  not  damage  to  the  optical  fibers. 
Furthermore,  by  applying  conventional  closure  and  connection 


operation,  development  cost  can  be  reduced  and  these  composite 
cables  are  installed  easily. 

5.1  Connection  form  of  drop  cable 

Figure  7  shows  a  example  of  connection  form,  by  which  the 
newly  developed  composite  drop  cable  is  connected  to  the 
conventional  optical  fiber  distribution  cable  and  copper  twisted 
pairs  cable.  The  upper  portion  in  figure  7  is  a  conventional  optical 
cable  closure,  and  the  lower  portion  is  a  conventional  copper  cable 
closure. 

In  the  copper  cable  closure,  the  composite  drop  cable  would  be 
separated  the  optical  cable  part  and  copper  twisted  pairs.  It  is  easy 
to  pick  up  copper  twisted  pairs,  for  the  optical  fiber  cable  part  is 
centered  of  the  drop  cable.  Those  copper  twisted  pairs  are 
connected  to  the  others  of  the  conventional  copper  twisted  pairs 
cable.  The  optical  fiber  cable  part  is  led  into  the  optical  cable 
closure  through  the  copper  cable  closure.  In  the  optical  cable 
closure,  the  optical  fiber  cable  part  and  the  conventional  optical 
fiber  distribution  cable  shall  be  connected  each  other.  The  optical 
fibers  would  not  be  damaged  under  connecting  operation,  for 
optical  fiber  cable  part  has  inner  jacket. 

Therefore,  the  connecting  operation  for  those  cables  can  adopt 
the  same  as  conventional  one. 


Figure  7.  Connection  form  of  drop  cable 


5.2  Connection  form  of  distribution  cable 

Figure  8  shows  example  of  connection  form,  by  which  the  newly 
developed  composite  distribution  cable  is  connected  to  the 
conventional  optical  fiber  cable  and  copper  twisted  pairs  cable  in 
the  conventional  optical  cable  closure.  The  conventional  optical 
cable  closure  would  be  attached  to  the  composite  distribution 
cable  which  is  already  installed.  Then,  the  optical  fiber  cable  and 
the  copper  twisted  pairs  cable  are  led  into  this  closure  for 
connecting. 

The  optical  fibers  and  the  copper  twisted  pairs  can  be  picked  up 
easily  with  keeping  slack  length  from  the  composite  distribution 
cable  by  removing  outer  jacket  and  inner  jacket,  because  both  of 
the  optical  fibers  and  the  copper  twisted  pairs  are  SZ  stranded. 
Therefore,  any  fibers  and  twisted  pairs  can  be  connected  to  other 
cables  without  cutting  the  distribution  cable. 

The  copper  twisted  pairs  can  be  connected  in  the  space  made  by 
removing  optical  fiber  trays.  Then,  the  copper  twisted  pairs  and 
the  optical  fibers  can  be  connected  by  conventional  operation.  On 


International  Wire  &  Cable  Symposium 


174 


Proceedings  of  the  51st  IWCS 


the  other  hand,  the  optical  fibers  and  copper  twisted  pairs  that  are 
not  necessary  to  connect,  would  be  lead  through  out  the  closure. 


conventional  optical  cable  closure 

Distribution  cable 

(composite  cable) 


v  'X 


conventional  optical 
fiber  cable 


4WTcuon  of  copper 
*  twisted  pairs'"' 


conventional  copper 
i  twisted  pairs  caole 


Figure  8.  Connection  of  composite  distribution 
cable  with  conventional  cables 


6.  Conclusions 

Cable  network  configuration  was  investigated.  According  to 
location  and  use,  three  different  case  studies  were  considered.  The 
most  suitable  cable  structures  for  these  cases  were  also  considered. 
Several  composite  cables  consisting  of  optical  fibers  and  copper 
twisted  pairs  were  designed,  manufactured  for  the  experiment  and 
tested  in  each  case.  As  results,  each  composite  cable  has  excellent 
transmission,  environmental  and  mechanical  characteristics. 

Furthermore,  connection  forms  of  not  only  newly  developed 
composite  cables  but  also  conventional  optical  fiber  cables  and 
copper  twisted  cables  were  investigated.  The  conventional  optical 
cable  closure  and  the  copper  cable  closure  were  able  to  apply  for 
various  combinations  connecting  of  these  newly  developed 
composite  cables,  conventional  optical  fibers  cable  and  copper 
twisted  pairs  cables. 

Therefore,  these  investigations  and  developed  composite  cables 
will  be  helpful  to  realize  both  FTTH  and  xDSL  broadband  Internet 
network  services. 
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Abstract 

There  are  many  interesting  solutions  for  the  distribution  of 
telecommunication  services  to  business  customers.  Various 
copper  and  optical  cabling  system  solutions  exist  to 
respond  to  the  increased  data  rate  in  the  business  networks. 
Economically,  the  advantage  of  these  solutions  varies 
depending  on  different  parameters  such  as  customer  type, 
initial  investment,  etc.  However,  the  installation  of  optical 
media  is  becoming  an  increasing  reality  for  medium  and 
large  professional  customers. 

This  paper  focuses  on  the  issues  involved  for  the  cabling 
solution  in  a  building.  It  explains  the  different  cabling 
infrastructures  suitable  for  services  for  small  companies,  in 
the  first  section,  and  for  large  companies  in  the  second 
section. 

For  small  companies,  the  cabling  infrastructure  generally 
uses  copper  cables.  However,  it  is  possible  for  customers  to 
have  services  up  to  2  Mbps.  Two  types  of  cabling 
infrastructures  used  with  2  scales  of  services:  xDSL  and 
ISDN/  HDB3  are  described. 

This  paper  presents  the  various  existing  cabling  solutions 
to  supply  the  business  customer  with  broadband  services 
(from  2  Mbps  to  155  Mbps  and  greater).  It  highlights  the 
problems  of  cabling:  Which  service?  Which  data  rate? 
Which  support?  Which  distance?  Which  engineering? 

For  the  very  high  data  rates,  the  optical  support  is 
inevitable.  The  paper  presents  the  blowing  method,  which 
is  a  new  optical  cabling  technology  that  offers  the 
possibility  of  great  flexibility  for  cabling.  We  will  explain 
the  benefits  of  using  this  technology,  in  particular  the 
economic  advantage.  A  detailed  cost  comparison  will  be 
produced  for  a  flexible  technology  based  on  blowing  and  a 
more  traditional  optical  solution. 

In  addition  to  the  simple  prolongation  of  large  bandwidth 
services  to  the  business  customer,  the  paper  presents  the 
latest  innovations  to  satisfy  the  needs  of  large  companies: 
secures '  the  flow  of  information.  The  realization  of  a 
"security  cabling  system"  affects  the  infrastructures  of  the 
building  and/or  the  network. 

Keywords 

Cabling  system;  copper  cable;  optical  cable;  microtubes; 


1  Introduction 

Operators  can  offer  many  broadband  services  to  business 
customers  thanks  to  a  suitable  cabling  solution.  Producing 
a  cabling  infrastructure  depends  on  several  parameters  such 
as  the  building  construction  actors,  engineering  rules,  etc. 

During  building  construction,  several  actors  are  called 
upon  between  the  telecommunication  operator  and  final 
customer. 


Figure  1:  The  actors 

In  France,  cabling  infrastructure  belongs  to  the  ILEC 
operator  or  to  the  building  owner. 


Figure  2:  The  rules 
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If  operators  want  to  distribute  their  telecommunication 
services  well,  they  have  to: 

o  Work  on  cabling  infrastructure  before  the  building 
conception 

o  Suggest  suitable  cabling  infrastructure  for  the 
needs  of  final  customers 

o  Suggest  flexible  and  upgradeable  cabling 
infrastructure  with  limited  investment 

There  are  many  interesting  solutions  for  the  distribution  of 
telecommunication  services  to  business  customers. 
Different  copper  and  optical  cabling  system  solutions  exist 
to  respond  to  the  increased  data  rate  in  the  business 
networks.  Economically,  the  advantage  of  these  solutions 
varies  depending  on  different  parameters  such  as  customer 
type,  initial  investment,  etc. 

This  paper  focuses  on  the  issues  involved  for  a  cabling 
solution  in  a  building..  It  explains  different  cabling 
infrastructures  adapted  to  services  for  small  companies,  in 
the  first  section  and  large  companies,  in  the  second  part. 


2  Cabling  solution  for  small  company 

2.1  Introduction 

The  broadband  access  network  is  now  a  reality  for  small 
companies.  The  most  popular  networks  are  xDSL  (with 
ADSL  as  the  most  well  known)  and  wireless  local  loop 
(WLL). 

Due  to  the  explosion  of  Internet  services,  small  company 
cabling  systems  must  support  an  increasingly  high  data 
rate.  In  this  context,  xDSL  technologies  have  the  advantage 
of  meeting  demand  without  any  major  investment  by  using 
the  existing  network,  which  generally  comprises  category  5 
copper  materials.  Many  solutions  can  be  deployed  to 
respond  to  the  increase  in  data  rate:  new  wire  cabling 
system  (copper  cabling  systems  with  category  5, 
multimedia  cabling  system,  etc.)  and  no  new  wire  products 
(HomePNA,  PLT,  etc.) 

2.2  Backbone  cabling  subsystem 

The  building  backbone  cabling  subsystem  for  small 
companies  traditionally  uses  copper  cables,  whether  or  not 
the  access  network  uses  copper  or  optical  cables. 

The  figure  below  shows  the  typical  architecture  for  the 
delivery  of  services  based  on  ADSL  techniques. 


Figure  3:  Typical  existing  backbone  cabling  system 


2.3  Customer  cabling  subsystem 

2.3.1  "New  wire"  solution 

2. 3.1.1  "Bottom-of-the-range"  cabling  system 

The  cabling  system  in  figure  4  is  the  minimum  technical 
cabling  that  is  offered  to  customers. 

It  is  defined  for  customers  who  initially  require  POTS 
services  only. 

The  proposed  cabling  has  a  bus  or  Y  (2  branches) 
topology,  with  a  Network  Interface  Device  (NID)  which  is 
the  delivery  point  for  France  Telecom  services.  This 
architecture  has  2  or  3  connectors  called  “T  outlets”  and  a 
4-pair  cable  with  category  5  performance. 


Figure  4:  "Bottom-of-the-range"  cabling 

This  cabling  system  is  designed  for  one  or  two  phone  lines 
and  is  compatible  with  ISDN  and  ADSL  “distributed 
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filters  solutions  (see  figure  5).  For  ISDN,  the  services  are 
only  available  on  the  Network  Termination  (NT). 


Figure  5:  ADSL  “distributed  filters”  solution 


With  the  “distributed  filters”  solution,  no  changes  to  the 
existing  Customer  Premises  Network  (CPN)  that  comprises 
“bottom-of-the-range”  cabling  are  required. 

Both  ADSL  and  POTS  signals  are  transmitted  on  the  same 
pair  inside  the  rooms  on  all  outlets.  The  low-pass  filters 
(LPF)  are  distributed  on  the  “T”  outlets  connected  to 
analog  phones.  On  the  outlet  dedicated  to  the  ADSL  signal, 
the  ADSL  modem  is  connected  via  an  adapter.  The  PC 
terminal  is  connected  to  its  ATM  or  Ethernet  interface. 

2.3. 1.2  "Multimedia"  cabling  system 

The  solution  described  in  figure  6  was  defined  to  provide 
the  customer  with  many  broadband  services  and  allowed  a 
private  network  to  be  created:  many  terminal  types  can  be 
connected  to  this  cabling  system. 


The  end  of  the  telecom  network  is  located  in  the  customer 
distributor  featuring  an  RJ  45  panel. 

This  solution  allows  the  customer  to  connect  any  type  of 
terminal:  telephone,  PCs,  television  (via  suitable  modules), 
etc. 


2.3.2  "No  new  wire  "  solutions:  "Multi- 
terminals"  options 

The  aim  now  is  to  give  the  customer  the  possibility  of 
installing  a  network  for  use  with  several  terminals  (PC, 
phone,  etc.)  in  existing  building  without  dedicated  wiring. 

Several  solutions  exist  and  are  described  in  the  following 
options. 

The  technologies  used  are  “HomePNA”,  “Powerline  or 
PLT  (Power  Line  Telecommunications)”  and  “wireless 
radio”  solutions.  These  technologies,  similar  to  the  LAN 
ones,  enable  resources  to  be  shared  on  the  private  network 
and  infrastructure  costs  to  be  reduced. 

2.3.2. 1  " Privatize  HomePNA  "  option 

The  principle  is  that  one  pair  is  re-used  on  the  phone  cable 
to  connect  2  PC  terminals  equipped  with  Home  PNA  cards 
to  share  high  data  rate  Internet  access  such  as  ADSL  for 
example  (see  figure  7). 

The  HomePNA  signals  are  compatible  with  POTS  and 
ADSL  signals. 


Figure  7:  HomePNA  solution 


The  "multimedia"  cabling  system  is  based  on  a  star 
topology  from  the  customer  distributor  to  the  category  5  RJ 
45  type  outlets.  The  installed  cable  is  also  a  category  5  type 
so  that  the  link  can  be  qualified  as  class  D,  thus  enabling 
frequencies  up  to  1 00  MHz  to  be  used. 


The  frequency  band  used  for  HomePNA  is  between  1  MHz 
and  10  MHz  above  the  ADSL  band.  The  data  rate  is 
approximately  10  Mbit/s  with  a  future  evolution  up  to  32 
Mbit/s  with  a  range  of  150  meters  to  500  meters  between 
two  HomePNA  cards. 
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2.3.2.2  "PLT"  option 

The  principle  of  “Powerline”  technology11'  is  also  to  share 
a  high  data  rate  network  link  between  several  home  devices 
connected  on  the  same  low  voltage  network  via  a  specific 
“Powerline”  interface  (see  figure  8). 

Several  modulations  are  used  by  different  industrials  using 
a  frequency  band  from  1 .6  MHz  to  30  MHz. 

The  data  rates  range  from  100  Kbit/s  up  to  few  Mbit/s. 


Distributed 


Figure  8:  PLT  solution 


PLT  architecture  is  used  behind  a  high  data  rate  access 
such  as  ADSL.  On  an  Ethernet  interface  available  on  the 
ADSL  modem,  the  connection  is  made  on  the  low  voltage 
network  via  the  PLT  modem.  The  other  terminal  is  then 
connected  with  a  PLT  modem. 

2.3.2.3  "Wireless  Radio "  option 

The  principle  of  the  “Wireless  radio”  technology  is  also  to 
share  a  high  data  rate  network  link  between  several  home 
devices. 

France  Telecom  now  recognizes  three  wireless  interface 
standards:  HomeRF  ,  IEEE802.1  lb  and  Bluetooth. 

Data  rates  and  ranges  are  dependent  on  the  technology 
used: 

o  HomeRF:  data  rate  from  600  Kbit/s  to  1.6  Mbit/s 
on  45  meters  maximum, 

o  IEEE802.11b  (Wireless  Ethernet):  from  1  to  11 
Mbit/s  on  25  to  100  meters  maximum, 
o  Bluetooth:  800  Kbit/s  maximum  on  5  to  15 
meters. 


Figure  9:  Wireless  radio  solution 


For  the  “HomeRF”  solution,  with  Internet  access  sharing 
software,  the  PC  terminal  with  the  physical  connection  to 
Internet  uses  server  software  to  manage  access  sharing 
between  the  wireless  “customers”. 

For  “Bluetooth”,  each  PC  terminal  connected  to  the 
Bluetooth  network  can  be  the  master.  The  first  terminal 
connected  assumes  this  role. 

For  the  “IEEE802.11b”  wireless  Ethernet  solution,  the 
wireless  access  point  (radio  modem)  connected  to  the 
ADSL  modem  manages  all  the  network  accesses  between 
terminals  equipped  with  IEEE802.1  lb  cards. 

2.4  Comparison  of  performances  and 


costs 

-  "new  wire  products" 


"Bottom  of  the 
range  " cabling 
system 

Multimedia 
cabling  system 

Services 

Phone,  ADSL 

Phone,  xDSL, 
LAN,  TV 

Estimated  cost 

First  outiet:  X  $ 
(25  one  more) 

10  outiets  5X  $ 

1  customer 
distributor  +10 
outiets  :  1 0X  $ 

Multimedia  cabling  system  is  a  cheap  solution  to  install  a 
flexible  cabling  and  create  a  mini-LAN  for  small  company 
applications. 

-  "no  new  wire"  products 

Concerning  the  products  used  on  the  existing  CPN  (“no 
new  wire”  products),  performances  and  costs  are 
summarized  in  the  following  table: 
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Home 

PNA 

PLT 

Radio 

Home 

RF 

IEEH802. 

lib 

Bluetooth 

Data  rate 

10 

Mb/s 

from  100 
kb/s  to  1 0 
Mb/s 

from 
600 
kb/s  to 
1,6 
Mb/s 

from  1 
Mb/s  to 

1 1  Mb/s 

800  kb/s 

Range 

500  m 

100  m 
minimum 

50  m 

100  m 
maximu 

m 

5  to  1 5  m 

Estimated 

cost 

of 

materials 

X$ 

(2  USB 
cards) 

10X$ 

(2 

modems) 

5X  $ 

(2  USB 
boxes) 

20X  $ 

(1  access 
point  +  1 
PCMCIA 
card) 

6X  $ 

(2 

PCMCIA 

cards) 

HomePNA  products  have  the  best  quality/cost  ratio,  the 
only  constraint  is  the  availability  of  service  at  the  phone 
outlet  only  (average  of  2  or  3  in  France). 

PLT  is  not  cheap  at  the  moment  since  the  products  are  only 
prototypes  for  most  of  the  industrial  providers. 

Concerning  wireless  radio  products,  lEEE802.11b 
interfaces  are  business  market  oriented.  This  implies  that 
the  cost  is  somewhat  too  expensive,  whereas  HomeRF  and 
Bluetooth  products  have  good  quality/cost  ratio. 

2.5  Conclusion 

There  are  many  interesting  solutions  for  the  distribution  of 
narrowband  and  broadband  services  to  small  companies. 

The  solutions  described  below  are  currently  being  tested  in 
our  laboratory  and  in  the  field. 


3  Cabling  solution  for  high  data  rate 
business  needs 

3.1  Introduction 

Beyond  a  critical  size  and  depending  on  their  activity, 
companies  need  very  high  data  rate  applications  and  secure 
services.  This  paper  presents  backbone  cabling  solutions  to 
offer  services  up  to  2  Mbps  to  the  business  customers  in  a 
building.  Backbone  cabling  solutions  extend  the  operator 
access  network  from  the  building  cabinet  to  the  floor 
customer  cabinet  [1J. 

Depending  on  the  data  rate,  different  media  may  be  used 
(table  1).  An  existing  backbone  cabling  in  a  building 
(made  with  coaxial  or  twisted  pairs)  may  be  re-used 
according  to  the  type  of  applications,  environment,  data 
rate  and  distances.  However,  for  high  data  rates,  optical 
media  is  generally  installed  in  the  building  backbone 


cabling  because  it  supports  all  applications  over  long 
distances  in  a  difficult  environment. 


Media 

Data  rate 
(Mbit/s) 

maximum  Theoretical  length 
(m) 

Twisted  pairs  cat  5 

2 

300 

10 

90 

Coaxial  pairs 

34 

190 

45 

150 

155 

90 

Multimode  fiber 

100 

2000 

155 

2000 

1000 

440 

Monomodc  fiber 

155 

15000 

622 

15000 

2500 

15000 

Table  1:  Example  of  maximum  theoretical  length 
between  the  operator  and  the  customer 


In  the  first  part  of  the  section,  optical  building  backbone 
cabling  solutions  are  presented.  Moreover,  to  satisfy  the 
business  requirements,  cabling  solutions  that  provide 
different  levels  of  guaranty  are  described. 

The  second  part  focuses  on  an  original  laying  technology,  a 
flexible  optical  cabling  system  based  on  the  blowing 
method.  Latest  developments  are  applied  to  improve 
performances  and  reduce  the  cabling  cost.  Experiments 
based  on  flexible  optical  cabling  system  were  carried  out  in 
buildings  in  France.  The  experiments,  configuration  and 
first  results  are  presented  in  the  chapter  4. 

3.2  Optical  backbone  cabling  solutions 

Several  optical  cabling  solutions  exist  to  supply  broadband 
services  to  business  customers  in  a  building. 

For  example,  figure  10  represents  a  cabling  solution  for  the 
interconnection  of  distant  private  local  networks. 

The  cabling  system  configuration  and  engineering  rules  are 
adapted  to  the  building  cabling  infrastructures.  In  a  multi¬ 
customer  building,  an  operator  cabinet  is  useful  for 
installing  operator  equipment.  In  this  way,  the  cabling 
solution  may  be  shared  between  building  customers,  thus 
reducing  costs. 
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operator  distribution  frame 
(in  building) 


optical  cables 


cable  distribution 
head 


optical  cable 


Figure  10:  Cabling  solution  for  interconnection  service 


Increasing  numbers  of  business  customers  are  interested  in 
telecommunication  service  quality  and,  particularly  in  the 
supply  of  non-stop  service  in  the  event  of  a  fault  in  the 
cabling. 


operator  centra!  exchange 


simple  adduction  and  backbone  distribution 


operator  central  exchange 
—  A 


doubling  the  adduction 


operator  central  exchange 
A 


operator  central  exchange 
B 


doubling  the  operator  central  exchange  connecting 


3.3  Flexible  optical  cabling  system 

As  an  optical  infrastructure  of  a  building  cabling  network, 
a  flexible  cabling  system  is  an  interesting  alternative  to 
traditional  cabling.  Firstly,  an  empty  tube  network  is  laid 
along  the  traditional  cable  paths  of  the  building.  Then,  the 
cable  is  blown  with  air  in  a  tube  on  customer  demand. 

3.3.1  Blowing  method 

The  laying  method  combines  a  blowing  pulling  force,  by 
using  a  tight  shuttle,  with  pushing  assistance.  Pulling  force 
performances  are  especially  limited  for  bends  [2]. 
Additional  pushing  (under  a  critical  sinusoidal  force) 
effectively  enhances  laying  distances.  The  pushing  force 
reduces  the  forces  against  laying  located  at  the  start  of  the 
trajectory:  the  airtight  cable  entrance,  the  cable  reel  and  the 
friction  forces  due  to  the  cable  mass  dragging. 

The  blowing  technique  is  achieved  with  a  Microjet®  tool 
[3]  presented  in  figure  12.  Microjet®  is  suitable  for 
pushing  small  diameter  cable  from  1  mm  to  4  mm. 


Figure  12:  Microjet®,  a  universal 
tool  for  blowing  optical  cables  in 
a  building  network 


3.3.2  Performances 


In  buildings,  blowing  performances  are  limited  by  the 
complex  trajectories.  A  recent  study  on  the  configurations 
and  cabling  spaces  has  been  conducted  in  business 
buildings  in  Paris.  The  results  show  that  most  business 
buildings  are  multi-customer  constructions  and  two 
building  configurations  may  be  considered:  a  large  part  of 
small  buildings  and  few  large  buildings  whose  principal 
dimensions  are  presented  in  table  2. 


Figure  11:  Secure  cabling  solutions 

Several  levels  of  guaranty  are  proposed  (illustration  in 
figure  11): 

o  simple  adduction  to  the  building  cabinet  and 
vertical  distribution  to  the  customer  cabinet 
o  backing  up  the  adduction  from  the  same  operator 
central  exchange,  backing  up  the  vertical 
distribution 

the  highest  level  of  guaranty  with  the  back-up  adduction 
from  two  different  operator  central  exchanges,  and  backing 
up  building  cabling  infrastructures. 


Small  buildings 

Great  buildings 

Average  floor  surface 

(m2) 

540 

1000 

Average  building 
height  (m) 

-25 

70 

Maximum  building 
height  (m) 

70 

220 

Table  2:  Configurations  of  business  buildings  in  Paris 
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The  small  building  configurations  in  Paris  correspond  to 
the  most  common  business  building  in  small  cities  in 
France.  For  this  typical  case,  the  distribution  cable  path 
characteristics  are  resumed  in  table  3. 


Small  buildings 

Distance  (m)  between 
the  building 
distribution  cabinet 
and  the  vertical 
distribution 

Average  -  20 

Maximum  =  150 

Vertical  distribution 
distance  (m) 

Average  =  25 

Maximum  =  70 

Number  of  bends  in 
backbone  distribution 

Average  =  15 

Maximum  =  30 

Distance  (m)  between 
vertical  distribution 
and  customer 
distribution  cabinet 

Average  =  10 

Table  3:  Cable  pathway  characteristics 


The  building  age  impacts  the  cabling  infrastructure 
facilities.  The  most  complex  trajectories  are  obtained  in  old 
buildings.  The  blowing  method  described  above  is  suitable 
for  laying  the  cable  in  complex  trajectories.  Performances 
are  based  on  special  cable  and  tube  requirements.  Blowing 
is  achieved  using  a  small  diameter  (<  8mm),  antistatic 
tubes  and  light  micro-cables  with  a  very  low  friction 
coefficient  (<0. 1).  The  pushing  force  delivered  by  the 
microjet®  is  necessary  to  enhance  blowing  performances 
within  the  building.  In  special  cases,  the  blowing  method 
may  be  used  with  an  intermediate  mechanical  assistance. 

3.3.3  Advantages 

Owing  to  the  blowing  method  described  above,  laying 
operations  are  achieved  with  low  air  consumption  (a  few 
tens  of  liters  per  minute  for  a  4  bar  pressure)  and  energy. 
The  installation  unit  is  easily  portable  in  the  customer 
cabinet,  an  important  functionality  in  very  high  buildings. 


Figure  13:  Portable 
blowing  installation 
unit 


Then,  the  flexible  cabling  system  offers  several  advantages: 


o  Flexibility:  reconfiguration  of  the  tubes  network 
may  be  made  without  fiber  connecting  operations 
or  a  traditional  cable  pulling, 
o  Upgradability:  cable  may  be  easily  changed  from 
multimode  to  monomode,  for  example. 

Another  main  advantage  of  the  system  is  the  economical 
aspect,  described  in  the  following  section. 

3.3.4  Cost  evaluation 

The  comparison  is  between  a  traditional  cabling  on  demand 
and  a  flexible  cabling  system  installed  from  the  operator 
cabinet  to  the  customer  in  a  small  building  with  an  average 
configuration. 


j  traditionnal  optical  cable 


distribution  unit 


tube  +  optical  blowing  cable 

-.r  ’  i 

customer  cabinet 


tube  distribution  unit 

building  cabinet 

Figure  14:  Compared  cabling  systems  for  an  optical 
backbone  solution 


Cost  evaluation  includes  cabling  passive  elements,  laying 
and  connecting  operations  and  optical  measurements. 


6  000,00  € 


building  customers 

—  traditionnal  cabling 

—  flexible  cabling  system 


Figure  15:  Comparison  of  total  cost  between  cabling 
systems 


Results  are  shown  in  figure  15.  The  graph  represents  the 
total  cost  of  the  optical  cabling  system  against  the  business 
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customer  connecting  demand.  The  building  is  supposed  to 
be  fully  occupied  by  four  business  customers  during  a  one 
year  period. 

Whereas  the  flexible  cabling  system  involves  an  initial 
investment,  the  solution  is  more  economical  than  a 
traditional  one  from  the  second  customer  demand. 

Then,  the  flexible  cabling  system  deployment  involves  the 
operator  firstly  anticipating  business  customers  needs  in  the 
buildings  and  secondly  developing  a  commercial  process 
adapted  to  construction  promoters  and  building  owners. 


4  Cabling  solutions  experiments 

This  chapter  describes  several  cabling  solution  experiments 
described  above  for  low  and  high  data  rate  applications 
successively. 

4.1  Backbone  cabling  solution 
experiments 

A  first  experiment  of  backbone  cabling  solution  was 
conducted  in  a  new  business  building  of  a  large  city  in 
France.  A  flexible  optical  cabling  system  was  laid  to  supply 
very  high  bit  rate  to  the  future  business  customers. 

Building  presents  a  horizontal  configuration  with  a  7000 
m2  floor  surface  and  4  steps.  In  this  configuration,  the 
blowing  installation  unit  was  carried  out  to  lay  up  to  six 
optical  fibers  cable  from  the  operator  cabinet.  The  tubes 
installation  was  carried  out  easily  and  rapidly  because  it 
was  performed  during  the  building  construction.  Moreover, 
the  small  initial  investment  in  tubes  may  be  integrated 
easily  into  the  construction  cost. 

The  tube  network  was  dimensioned  to  supply  about  six 
customer's  cabinets  with  one  tube  for  each  customer. 
Broadband  services  (private  local  networks 
interconnecting,  dedicated  optical  ring,  etc.)  will  be  soon 

proposed. 


Figure  16:  Connecting 
tubes  for  access  to  the 
customer  cabinet 


A  second  experiment  was  carried  out  in  a  multistory 
building  in  France.  A  backbone  cabling  solution  using  a 
flexible  cabling  system  was  installed  to  supply  a  high  data 
rate  shared  Ethernet  application  up  to  90  meters  from  the 
operator  cabinet. 


An  large  tube  network  was  laid  in  the  vertical  path  of  the 
building  to  allow  about  one  hundred  customers.  Installing  a 
flexible  cabling  system  in  this  building  offers  several 
advantages:  limitation  of  subsequent  operations,  reduction 
of  disturbance  to  customers,  reactivity  and  upgradeable 
cabling.  The  blowing  method  was  successfully  tested  for 
complex  trajectories  (average  height  about  100  meters  and 
total  average  cabling  distance  about  200  meters  with  a 
large  number  of  bends)  installing  the  blowing  unit  on 
customer  floor  and  so  drawing  down  the  optical  cable. 


Figure  17:  Blowing  optical 
cable  operation  from  a 
customer  cabinet 


4.2  Cabling  reference  for  a  building 
complex 

The  infrastructures  described  below  are  defined  and 
produced  for  new  buildings. 

This  field  trial  (project  for  2004),  performed  near  Paris, 
concerns  a  large  buildings  complex  with  about  1000 
apartments  in  quite  small  buildings,  spread  over  about  12 
hectares  (see  figure  18). 


Horizontal  Cabling 
System 


General  distributor 


Figure  18:  Schematic  of  buildings  complex  cabling 
system  principle 

The  objective  is  to  enhance  the  reputation  of  the  property 
developer  and  the  service  providers,  to  propose  alternative 
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solutions  allowing  for  the  future  integration  of  broadband 
transmission  systems  and  to  perpetuate  investments  while 
reducing  costs. 

The  infrastructures  described  in  figures  19  and  20  take  into 
account  the  different  types  of  access  network  such  as  xDSL 
and  FTTx  currently  deployed  or  used  in  field  trials  at 
France  Telecom. 

This  infrastructure  covers  a  high  number  of  services  to 
customers  in  both  private  and  collective  areas,  taking  into 
account  individual  services  (POTS,  audiovisuals,  IP,  etc.) 
and  collective  services  (remote  meter  reading,  Intranet, 
etc.). 


Figure  19:  Campus  cabling  system  infrastructure 

The  campus  cabling  system  and  the  building  backbone 
cabling  system  consists  of  two  networks: 

o  one  xDSL  copper  point  to  point  network  (made  of 
classical  cables  used  in  the  France  Telecom  public 
network) 

o  and  one  FTTx  network/services  (made  of  optical 
loops  connecting  the  buildings). 

Outdoor  radio  cover  is  provided  to  offer  proximity  services 
such  as  self-surveillance,  etc.  and  Radio  terminals  can  be 
used  for  internal  building  communications  (Intranet,  etc.). 


Figure  20:  Building  backbone  infrastructure 

In  building,  empty  tubes  are  installed  in  order  to  be  able  to 
install  optical  cables  and  offer  further  services 
subsequently. 


5  Conclusions 

There  are  many  interesting  solutions  for  the  distribution  of 
narrowband  and  broadband  service  to  business  customers,. 

For  "small"  companies,  the  re-use  of  existing  cabling 
systems  such  as  Phoneline  or  Powerline  is  useful  for 
connecting  several  terminals  and  for  networking. 

For  new  buildings,  new  cabling  systems  are  created  based 
on  LAN  cabling  systems. 

For  "large"  companies,  different  copper  and  optical  cabling 
system  solutions  exist  to  respond  to  the  increasing  data  rate 
in  the  customer  LAN.  Economically,  the  advantage  of  these 
solutions  varies  depending  on  different  parameters  such  as 
customer  type,  initial  investment,  number  of  outlets 
needed,  etc.,  but  the  installation  of  optical  media  is 
becoming  an  increasing  reality. 

For  both  "small"  and  "large"  companies  approaches, 
solutions  are  being  tested  and  validation  in  field  trials  is  in 
progress  to  define  cabling  systems  for  France  Telecom 
customers. 
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Abstract 

A  series  of  shielded  and  unshielded  pairs  of  assumed  external 
dimensions  are  analyzed  using  a  Computer  Aided  Engineering 
(CAE)  software  tool  equipped  with  an  electromagnetic  field 
solver.  After  entering  cable  design  data  including  materials, 
plating,  stranding,  twisting  and  wire  naming,  the  tool  processes 
geometrical  information  in  order  to  calculate  a  realistic  model  of  a 
twisted  pair  cable.  The  resulting  model  of  the  cable  is 
subsequently  analyzed  numerically  using  a  combination  of  finite 
element  and  boundary  element  methods.  Based  on  a  series  of 
analyses,  designs  with  the  smallest  attenuations  are  selected. 
These  designs  are  then  used  to  calculate  optimal  characteristic 
impedance  of  shielded  and  unshielded  pairs.  Eventually,  a  plot 
linking  the  frequency,  attenuation  level  and  wire  size  is  produced. 
The  discussed  method  offers  a  quick  evaluation  of  limitations  for 
twisted  pair  cable  applications  at  high  frequencies.  The  optimal 
design  is  used  to  study  the  impact  of  shrinking  dimensions  on 
attenuation. 

Keywords 

attenuation;  characteristic  impedance;  simulation;  modeling;  skin 
effect;  proximity  effect;  eddy  currents;  cable;  optimization. 

1.  Introduction 

In  the  continuously  increasing  demand  for  higher  speed  rate, 
combined  with  the  physical  limitations  of  lossy  conductors,  one 
has  to  wonder  about  the  future  of  copper  cables  and  their  place  in 
the  next  generation  of  communication  networks.  Although  this 
question  is  left  unanswered  in  this  paper,  a  theoretical  study  of 
transmission  limitations  of  unshielded  and  shielded  copper  cables 
based  on  targeted  attenuation  levels  is  discussed. 

An  analytical  analysis  of  the  electromagnetic  behavior  of  a 
twisted  pair  cable  at  very  high  frequencies  is  not  very  practical 
due  to  the  theoretical  complexities  of  solving  the  equations.  At 
high  frequencies  cable  attenuation,  dispersion  and  crosstalk  affect 
the  signal  quality  and  system  performance  in  a  significant  way  [1, 

2,  3].  To  asses  these  effects  in  a  timely  and  efficient  way  a  CAE 
software  tool  equipped  with  a  numerical  EM  field  solver  was  used 
to  model  and  analyze  various  cable  geometries.  The  CAE 
software  is  called  OptEM  Cable  Designer  and  was  used 
extensively  for  this  paper  to  model  and  analyze  shielded  and 
unshielded  cable  geometries.  Modeling  has  proven  its  ability  to 
predict  cable  performance  with  high  accuracy  [4,5]. 


A  twisted  pair  cable  (shielded  or  not)  is  difficult  to  model 
accurately  despite  its  relatively  simple  geometric  structure. 
Secondary  effects  that  were  originally  neglected  in  theoretical 
studies  of  cables  [1]  have  gained  importance  due  to  the  increase  in 
operating  frequencies.  Any  accurate  cable  modeling  and  analysis 
must  consider  skin  and  proximity  effects  in  wires,  eddy  currents 
in  cable  shields,  and  dielectric  losses  in  insulation.  Skin  effect 
causes  a  reduction  of  inductance  and  a  rapid  increase  of 
equivalent  resistance.  Conductor  and  shield  losses  were 
numerically  analyzed  much  earlier  for  power  cables  [6, 7,8, 9]  and 
a  similar  technique  was  adopted  in  OptEM  Cable’s  EM  field 
solver  [10]  which  allows  very  accurate  calculation  of  unit 
parameters  of  high  frequency  cables  [4].  Once  current  distribution 
is  considered,  the  losses  and  frequency  dependence  of  unit 
parameters  can  be  calculated.  Unit  parameters  are  then  used  to 
assemble  cable  models  and  predict  attenuation,  crosstalk  and 
return  loss  [5]. 

Selected  geometries  of  shielded  and  unshielded  copper  pair  cables 
were  modeled  and  numerically  analyzed  using  OptEM  Cable 
(Figure  1)  [10]. 


Figure  1.  Sample  of  a  shielded  copper  pair  cable 
modeled  in  OptEM  Cable  Designer.  The  software 
assembles  the  cable  pair  geometry  hierarchically 
using  two  instances  of  a  single  29  gauge  copper 
wire  geometry. 
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For  this  paper  over  a  hundred  different  cable  geometries  were 
modeled  and  analyzed  by  the  software  within  a  72  hour  period. 
The  simulations  were  run  on  a  PC  workstation  with  an  AMD  K6 
processor,  56  MB  RAM  and  16  GB  disk.  The  software  uses  a 
combination  of  boundary  element  and  finite  element  methods  to 
solve  Maxwell’s  equations  in  the  frequency  domain.  Skin  effect, 
proximity  effect  and  the  presence  of  lossy  dielectrics  and 
conductive  shield  is  taken  into  account.  The  modeling  technique 
which  independently  calculates  magnetic  and  electric  field 
distribution  is  valid  providing  that  the  energy  propagates  as  a 
quasi-Transverse  Electro  Magnetic  (quasi-TEM)  wave.  Since 
non-TEM  propagation  is  possible  only  on  conductors  separated 
by  a  distance  of  at  least  half  a  wavelength,  a  simple  comparison  of 
typical  cable  dimensions  was  used  to  estimate  the  maximum 
frequency  range  for  the  software.  The  tool's  ability  to  predict 
performance  of  twisted  pair  cables  tested  in  laboratory  conditions 
was  reported  in  earlier  studies  presented  at  IWCS  [4,5]. 

In  this  paper  the  focus  of  study  is  on  transmission  limitations  of 
unshielded  and  shielded  copper  cables  based  on  targeted 
attenuation  levels.  Frequency  dependence  of  the  inductance, 
resistance,  conductance  and  capacitance  with  their  influence  on 
attenuation  are  the  main  issues  discussed.  The  authors  also  offer 
their  view  on  the  concept  of  optimization  of  copper  cables  based 
on  attenuation. 


2.  Minimum  Attenuation  of  Shielded  and 
Unshielded  Pair 

As  we  approach  physical  limits  of  propagating  high  frequency 
signals  on  copper  cables,  we  must  realize  that  some  of  the 
constraints  currently  placed  on  cable  design  need  to  be  released  in 
order  to  minimize  attenuation.  We  decided  to  search  for  twisted 
pairs  of  specific  external  dimensions  which  would  offer  the 
smallest  attenuation  within  a  selected  frequency  range. 

As  part  of  our  investigation  we  selected  shielded  and  unshielded 
pairs  built  from  insulated  wires  which  had  identical  external 
dimensions  with  0.1mm  or  0.8mm  insulation  diameters.  The 
conductors  and  shield  were  copper,  and  the  polyethylene 
dielectric  had  relative  permittivity  of  2.26  and  loss  tangent  of 
0.0002.  We  simulated  all  cable  configurations  initially  for 
frequencies  1  GHz,  4  GHz  and  16  GHz.  The  optimal  wire  gauge 
and  attenuation  points  concluded  in  the  paper  can  deviate  by 
changing  dielectric  properties,  conductor  materials  and/or 
frequency  range.  But  our  intention  was  to  provide  some 
guidelines  based  on  our  detailed  analysis  rather  than  a  universal 
solution. 

We  realized  that  the  attenuation  of  the  cable  should  grow 
proportionally  to  the  square  root  of  frequency  if  conductor  losses 
(skin  effect,  proximity  effect  and  eddy  currents  in  the  shield) 
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Figure  2.  Normalized  attenuation  of  an  unshielded  pair  simulated  at  1  GHz,  4  GHz,  and  16  GHz,  and 
for  two  insulation  diameters  as  a  function  of  wire  gauge.  a0  is  the  minimum  attenuation  calculated  for 

the  selected  frequency  and  insulation  diameter. 
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dominate  power  dissipation  in  the  cable.  Once  dielectric  losses 
(based  on  constant  loss  tangent)  start  to  dominate  the  dissipation, 
the  attenuation  would  accelerate  proportionally  to  the  frequency. 
We  were  pleased  to  find  out  that  the  dielectric  losses  based  on  the 
0.0002  loss  tangent  had  marginal  influence  on  the  attenuation  at 
the  investigated  spectrum  1  to  16  GHz. 

Knowing  that  conductor  losses  dominate  the  dissipation,  we 
expected  that  there  must  be  an  optimal  wire  gauge  (for  a  given 
external  dielectric  diameter).  For  an  unshielded  pair,  the  smallest 
loss  would  result  from  a  gradual  reduction  of  proximity  effect 
losses  and  increase  of  the  skin  effect  losses  as  we  increase  wire 
gauge  (reduce  conductor  diameter).  Simulation  results  calculated 
for  an  unshielded  pair  are  presented  in  Figure  2.  To  allow 
accurate  plotting  of  attenuation  calculated  for  frequency  1GHz,  4 
GHz  and  16  GHz  the  vertical  axis  is  scaled  as  normalized 
attenuation  (ratio  of  calculated  attenuation  and  the  minimum 
value  of  attenuation  calculated  for  the  same  frequency).  We  found 
out  that  the  smallest  attenuation  for  an  unshielded  pair  built  of 
wires  0.8mm  (external  insulation  diameter)  can  be  achieved  with 
conductors  27  AWG.  Whereas  O.Imm  wires  require  29  AWG 
copper  conductors. 

For  a  shielded  pair,  the  distribution  of  losses  is  more  complex.  In 
a  shielded  pair,  in  addition  to  skin  effect  and  proximity  effect, 
there  is  also  a  gradual  reduction  of  eddy  current  losses  in  the 
shield  (when  conductor  diameter  is  reduced)  which  influences 
attenuation.  For  this  investigation  we  used  a  shield  thickness 


exceeding  3  times  the  skin  depth,  effectively  eliminating  the 
external  field.  Since  losses  in  a  solid  shield  may  be  substantial, 
one  can  expect  that  the  optimal  configuration  (smallest 
attenuation)  for  a  shielded  pair  will  be  reached  for  a  much  higher 
AWG  (smaller  diameter)  than  the  unshielded  optimum.  In 
addition,  we  found  out  that  the  optimal  configuration  of  the 
shielded  pair  attenuates  the  signal  twice  as  fast  as  the  unshielded 
cable.  Simulation  results  calculated  for  a  shielded  pair  are 
presented  in  Figure  3. 

Again  the  vertical  axis  is  scaled  as  normalized  attenuation  (ratio 
of  calculated  attenuation  and  the  minimum  value  of  attenuation 
calculated  for  the  same  frequency).  The  smallest  attenuation  for  a 
shielded  pair  built  of  wires  0.8mm  (external  insulation  diameter) 
can  be  achieved  with  conductors  44  AWG.  Whereas  0.1mm  wires 
require  47  AWG  copper  conductors. 


3.  Optimal  Characteristic  Impedance 

After  we  analyzed  a  number  of  geometries  and  found  the  optimal 
(smallest  attenuation)  cable  configuration  for  an  assigned  external 
dimension,  we  found  out  that  the  characteristic  impedance  of  the 
optimal  designs  within  the  same  group  is  very  similar.  In  other 
words,  we  found  that  an  unshielded  copper  pair  (with  insulation 
er-2.26,  tan  (5)  =  0.0002  )  of  characteristic  impedance  Z=130 
Qhas  the  smallest  attenuation  within  1  to  16  GHz  spectrum, 
whereas  an  optimal  shielded  pair  would  have  characteristic 


Figure  3.  Normalized  attenuation  of  a  shielded  pair  simulated  at  1  GHz,  4  GHz,  and  16  GHz  and  for 
two  insulation  diameters  as  a  function  of  wire  gauge.  a0  is  the  minimum  attenuation  calculated  for 

the  selected  frequency  and  insulation  diameter. 
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impedance  Z=9 6  Q.  The  results  are  plotted  in  Figure  4. 

We  also  found  that  the  optimal  characteristic  impedance  is 
frequency  dependent  and  is  gradually  getting  smaller  with  the 
increase  of  the  frequency.  However,  the  changes  are  not 
substantial  and  can  be  neglected  within  one  decade  of  change  in 
frequency. 

4.  Crosstalk  Reduction 

It  is  difficult  to  consider  an  optimal  design  of  a  cable  without 
considering  crosstalk.  The  oscillation  of  unit  parameters  of  a 
twisted  pair  can  be  neglected  for  lower  frequencies.  However  for 
very  high  frequencies  the  variation  of  unit  parameters  (mutual 
components)  must  be  included  in  the  cable  model.  Based  on 
interaction  with  HF  labs  we  know  that  OptEM  Cable  can  predict 
very  accurately  crosstalk  levels  between  pairs  of  different  lay 
length  at  very  high  frequencies.  However,  we  could  not  find  any 
systematic  way  of  dealing  with  crosstalk,  yet. 

In  practice,  when  facing  higher  frequencies,  the  designer  has  two 
choices.  He  may  apply  shorter  lay  length  or  use  a  shield. 
Although  both  solutions  will  generally  cause  an  increase  of 
attenuation,  the  reduction  of  external  dimension  of  the  pair  may 
be  required  to  reduce  the  lay  length  without  substantial  increase 
of  attenuation.  Having  this  in  mind  we  specifically  optimized  the 
design  for  fixed  external  dimensions  of  the  cable.  We  plan  to 


incorporate  crosstalk  in  our  future  search  of  an  optimal  copper 
cable  configuration. 

When  analyzing  a  shielded  pair  we  assumed  a  perfect  screening. 
Typically,  an  effective  screen  will  cause  an  increase  of 
attenuation  at  high  frequencies.  It  is  very  likely  that  the  best 
performance  of  a  twisted  pair  cable  can  be  achieved  with  partial 
screening  and  twisting  of  pairs. 

5.  Attenuation  Limits  for  Standard 
Shielded  and  Unshielded  Pairs 

Final  results  are  assembled  in  Figure  5  representing  relationships, 
which  are  dependent  on  both  signal  frequency  and  wire 
dimensions.  Figure  5  is  similar  to  a  plot  of  equi-potential  lines  or 
projection  of  a  3D  function  on  a  plane.  To  help  in  visualization  of 
current  distribution  in  conductors,  Figure  5  is  divided  into  three 
regions  by  two  parallel  lines  (a,b).  One  can  draw  conclusions 
about  the  need  for  a  detailed  analysis  of  the  current  distribution 
by  locating  frequency  and  conductor  size  area  in  one  of  the  three 
regions  in  Figure  5.  If  the  skin  depth  is  in  the  range  of  the 
conductor  cross-sectional  dimensions  then  the  current  is 
distributed  in  a  non-uniform  way  and  a  solution  of  the  Helmholtz 
equation  [4-9]  is  required  for  calculating  equivalent  circuit 
components. 

For  low  frequencies  (below  a),  the  DC  approximation  of  current 
distribution  (uniform  throughout  the  conductor  cross  section)  is 
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Figure  4.  Optimal  characteristic  impedance  of  shielded  and  unshielded  pair 
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accurate  enough.  The  situation  is  similar  for  very  high 
frequencies  where  the  surface  currents  screen  the  interior  of  the 
conductors  (well  developed  skin  effect).  Both  cases  can  be 
handled  by  the  Laplace  equation,  which  is  used  by  static  field 
solvers.  The  important  difference  between  the  DC  region  and  the 
region  with  well  developed  skin  effect  is  the  dependence  of  losses 
on  the  frequency  in  the  latter  case. 

The  transition  between  the  low  (DC)  and  high-frequency  range 
can  be  described  as  the  region  of  generally  non-uniform  current 
flow  in  the  cross-section  of  the  wire.  To  estimate  the  range  of  the 
non-uniform  current  region  one  must  calculate  the  skin  depth  for 
different  frequencies.  Inductance  is  strongly  dependent  on 
frequency  when  the  skin  depth  is  within  the  conductor  cross- 
sectional  dimensions  (non-uniform  current  region). 

As  we  indicated  earlier,  the  dielectric  losses  did  not  play  a 
significant  role  in  our  studies.  Line  c  in  Figure  5  indicates  the 
balance  between  conductor  and  dielectric  losses.  One  can  assume 
that  a  vast  majority  of  high  frequency  cables  operate  within  the 


region  of  the  well  developed  skin  effect  with  dominant  conductor 
losses  (between  line  b  and  c). 

After  calculating  wire  diameters  for  designs  with  smallest 
attenuation,  we  were  able  to  put  together  a  table  listing  the  highest 
frequency  for  which  attenuation  of  ldB/m  and  8dB/m  can  be 
achieved  for  optimally  constructed  unshielded  and  shielded 
copper  pairs  ( insulation  er=2.26,  tan  (8)  =  0.0002  ).  These  results 
-  plotted  in  Figure  5  -  have,  in  general,  slightly  irregular  behavior 
due  to  the  nature  of  optimization  and  rounding  to  the  nearest 
AWG  values  for  calculated  conductor  diameter.  We  consider 
them  to  be  the  high  frequency  limits  for  constructing  ldB/m  and 
8dB/m  cables  of  a  given  insulation  diameter. 

6.  References 

[1]  H.  Kaden,  "Wirbelstrome  und Schirmung  in  der 
Nachrichtentechnik",  Springer- Verlag,  Germany  (1959). 

[2]  H.  Hughes,  "Telecommunications  Cables  Design  , 
Manufacture  and  Installation John  Wiley  &  Sons,  New 


International  Wire  &  Cable  Symposium 


190 


Proceedings  of  the  51st  IWCS 


York  (1997). 

[3]  C.  Paul,  "Analysis  of  Multiconductor  Transmission  Lines,  ” 
John  Wiley  &  Sons,  New  York  (1994). 

[4]  J.  Poltz,  D.  Gleich,  M.  Josefsson  and  M.  Lindstrom, 
"Electromagnetic  Modeling  of  Twisted  Pair,"  Proceedings  of 
the  49th  International  Wire  and  Cable  Symposium,  Atlantic 
City,  NJ,  Nov.  13-16  2000,  pp.  121-128  (2000). 

[5]  J.  Poltz,  D.  Gleich,  M.  Josefsson  and  M.  Lindstrom, 
"Simulation  and  Measurement  of  Crosstalk  in  Twisted  Pair 
Cables,"  Proceedings  of  the  5(fh  International  Wire  and 
Cable  Symposium,  Lake  Buena  Vista,  Florida,  Nov.  12-15, 
2001,  pp.  577-585  (2001). 

[6]  J.  Poltz  and  S.  Grzybowski,  "Magnetic  Field  Outside  the 
Three-Core  Cable  Considering  the  Cable  Stranding",  IEEE 
Transactions  on  Power  Apparatus  and  Systems,  Vol.  PAS- 
98,  No.  4,  p.  1142,  (July/August  1979). 

Juliusz  Poltz  holds  M.Sc.  and  Ph.D. 
degrees  in  both  mathematics  and 
electrical  engineering  from 
Universities  in  Poznan,  Poland.  He 
has  published  over  70  technical 
papers  related  to  electromagnetic 
field  analysis.  In  1992  Dr.  Poltz  co¬ 
founded  OptEM  Engineering 
Inc.located  in  Calgary  Canada. 
OptEM  develops  CAE  software  for 
interconnect  modeling  and  analysis. 


[7]  E.  Kuffel  and  J.  Poltz,  "AC  Losses  in  Crossbonded  and 
Bonded  at  Both  Ends  High  Voltage  Cables",  IEEE 
Transactions  on  Power  Apparatus  and  Systems,  Vol.  PAS- 

100,  No.  1,  pp.  369-374,  (January  1981). 

[8]  J.  Poltz,  E.  Kuffel,  S.  Grzybowski,  and  M.R.  Raghuveer, 
"Models  Adopted  for  the  Calculation  of  Eddy-Current 
Losses  in  Pipe-Type  Cables",  IEEE  Transactions  on 
Magnetics ,  Vol.  MAG-17,  No.  6,  P.  2592-2594,  (1981). 

[9]  J.  Poltz,  E.  Kuffel,  S.  Grzybowski  and  M.R.  Raghuveer, 
"Eddy-Current  Losses  in  Pipe-Type  Cable  Systems",  IEEE 
Transactions  on  Power  Apparatus  and  Systems,  Vol.  PAS- 

101,  No.  4,  pp.  825-832,  (April  1982). 

[10]  "OptEM  Cable  Designer  User's  Manual,"  Version  5.3, 
OptEM  Engineering  Inc.,  Calgary,  Alberta,  (May  2002). 


Joan  Beckett  received  her  B.Sc.E.E. 
in  1987  from  the  University  of 
Manitoba,  Winnipeg,  Canada,  and  a 
General  Management  Certificate  in 
1999  from  the  University  of 
Calgary,  Calgary,  Canada.  In  1992 
she  co-founded  OptEM  Engineering 
Inc.,  a  company  specializing  in  the 
electromagnetic  modeling  and 
signal  integrity  analysis  of 
electronic  interconnects. 


191 


International  Wire  &  Cable  Symposium 


Proceedings  of  the  51st  IWCS 


Performance  Aspects  of  a  Novel  Two-Rod,  Dielectric 
Sheath  Design  for  Central  Tube  Cables 
Richard  H.  Norris ,  Peter  A.  Weimann  and  Howard  M.  Kemp* 
OFS  •  Optical  Fiber  Cable  Division  •  Norcross,  GA  30071 
*OFS  •  Optical  Fiber  Cable  Division  •  Chester,  NJ  07930 
+1-770-798-4142  •  rnorris@ofsoptics.com 
Copyright  ©  2002 
Fitel  USA  Corp. 

All  rights  reserved 


Abstract 

Designs  for  dielectric  cables  include  strength  members 
comprised  of  multiple  packages  of  glass  and/or  synthetic  fibers, 
coupled  together  with  varying  amounts  of  crosslinked  resin. 
These  composite  reinforcements  cannot  rival  the  mechanical 
properties  per  unit  area  nor  the  cost  per  unit  length  of  their 
metallic  counterparts.  For  these  reasons,  fabrication  of 
dielectric  cables  that  are  cost-effective,  compact,  and  sufficiently 
robust  is  a  challenge  for  the  cable  designer. 

This  paper  discusses  the  design  and  performance  of  a  new 
central  tube,  dielectric  cable  sheath  that  employs  two  linearly 
applied  composite  rods.  The  new  sheath  design  has  been 
applied  to  a  wide  variety  of  core  structures,  including,  tube-in¬ 
tube,  filled  ribbon  and  dry  ribbon  cores.  The  composite  rods 
utilize  novel  coatings  that  provide  optimized  coupling  between 
the  rods  and  the  cable  jacket.  This  coupling  is  quantified 
through  laboratory  measurements  of  adhesion  between  rods  and 
the  cable  jacket.  Adhesion  results  are  also  compared  with 
adhesion  performance  of  rods  that  use  other  types  of  coatings. 

Optimized  coupling  between  the  rods  and  the  outer  jacket 
results  in  excellent  behavior  in  tensile,  compressive  and  twisting 
deformations,  as  illustrated  by  cable-level  mechanical  tests. 
Most  importantly,  the  new  sheath  design  provides  substantial 
improvements  in  installation  performance.  We  report  the  results 
of  a  rigorous  series  of  installation  simulation  tests,  comparing 
results  for  this  sheath  design  to  alternate  dielectric  sheath 
designs. 

Keywords 

Outside  Plant  Cable;  strength  member;  dielectric;  fiber  optic 
cable;  coatings;  fiber  reinforced  polymer  rods  (FRP);  bending 
stiffness. 

1-  Introduction 

In  Outside  Plant  (OSP)  fiber  optic  cable  designs,  product 
performance  depends  strongly  on  the  cable  strength  system.  The 
optical  fibers  housed  within  the  cable  are  inherently  fragile,  and 
can  fracture  at  low  strains  under  tensile,  compressive  or  torsional 
loading.  In  addition,  optical  fibers  are  subject  to  attenuation  losses 


when  bent.  Strength  members  protect  the  optical  fibers  from  loads 
encountered  during  cable  manufacturing,  installation  and  service. 

For  over  ten  years,  the  performance  and  reliability  of  central  tube 
cables  with  linear  metallic  sheaths  [1]  has  been  demonstrated  in 
the  field.  In  the  linear  metallic  design,  the  central  core  tube  is 
wrapped  by  corrugated  electrolytically  chrome-coated  steel 
(ECCS)  armor.  Reinforcement  is  provided  by  two  linearly  applied 
steel  music  wires  that  are  embedded  in  the  jacket.  The  strength, 
robustness  and  affordability  of  this  metallic  cable  design  cannot  be 
matched.  However,  metallic  designs  are  not  suitable  in  areas 
where  high  lightning  activity  is  prevalent,  or  in  regions  where 
metal  corrosion  could  be  a  problem.  In  these  situations,  a 
dielectric  cable  design  is  the  better  solution.  Dielectric  cables  are 
typically  reinforced  with  nonmetallic  materials,  such  as  rigid  fiber- 
reinforced  polymer  (FRP)  rods,  fiberglass  or  aramid  yams,  or 
semi-flexible  glass  rovings. 

One  well-known  family  of  dielectric  central  tube  cable  designs 
utilizes  helically  applied  reinforcements  [2][3].  These 
constructions,  commonly  referred  to  as  “crossply”  designs, 
typically  contain  one  or  more  layers  of  rigid  FRP  rods,  as  well  as 
rovings  or  yams.  Dielectric  crossply  central  tube  cable  designs  are 
flexible  and  compact,  and  typically  have  very  high  fiber  packing 
density.  Therefore,  crossply  cables  are  especially  ideal  for  cable 
routes  that  use  small  ducts,  including  new  right-of-ways  that  use 
“microducts”  [4].  However,  crossply  designs  can  have  relatively 
high  raw  materials  costs,  due  to  the  use  of  many  individual  small 
reinforcements.  In  addition,  these  designs  typically  rely  on 
incompressible  cable  gels  to  provide  compression  resistance. 
Therefore,  dielectric  crossply  sheaths  may  be  inappropriate  for 
new  types  of  reduced-gel  central  core  cable  designs  [5]. 

Dielectric  central  tube  cables  with  linearly  applied  strength 
members  tend  to  be  less  expensive  than  crossply  cables,  and  are 
typically  easier  to  manufacture.  However,  these  benefits  can  come 
at  the  cost  of  increased  cable  size,  as  the  reinforcements  in  linear 
dielectric  central  core  cables  are  typically  much  larger  than  the 
reinforcements  in  crossply  cables.  In  order  to  minimize  cable  size 
and  cost,  linear  dielectric  central  core  cables  often  contain  a 
combination  of  rigid  FRP  rods,  which  provide  tensile  and 
compressive  stiffness,  and  less  expensive  semi-flexible  rovings, 
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which  provide  only  tensile  reinforcement.  A  common  design  uses 
six  reinforcing  members:  two  large  rigid  FRP  rods,  and  four  large 
semi-flexible  rovings,  which  we  will  refer  to  as  the  “six-member 
design”.  Figure  1  is  a  schematic  of  the  dielectric,  two-rod/four- 
roving  sheath  design,  detailing  the  individual  components;  a 
picture  of  a  typical  cable  is  shown  in  Figure  2.  The  two  linear 
rigid  glass/epoxy  rods  are  diametrically  opposite  one  another, 
and  are  located  on  the  neutral  axis  of  the  cable.  Rovings  are 
located  above  and  below  the  rods.  In  a  typical  six-member 
design,  the  reinforcements  are  designed  to  adhere  strongly  to  the 
cable  jacket,  providing  for  a  robust  cable.  Unfortunately,  the  high 
adhesion  between  the  reinforcements  and  the  jacket  is  also  the 
source  of  undesirable  preferential  bend  behavior.  Six-member 
dielectric  central  tube  cables  can  typically  only  be  bent  easily  in 
the  direction  perpendicular  to  the  two  rigid  FRP  rods.  Despite 
their  robustness,  these  cables  can  be  difficult  to  handle  and  install 
in  the  field. 

In  this  paper,  we  present  the  development  of  a  new  two-rod,  linear 
dielectric  central-core  sheath  with  substantially  reduced 
preferential  bending.  Components  of  the  new  two-rod  sheath  are 
shown  in  the  schematic  in  Figure  3,  and  a  photograph  of  a 
ribbon  cable  with  a  two-rod  sheath  is  presented  in  Figure  4. 
This  cable  sheath  was  originally  introduced  for  a  new  tube-in-tube 
cable  design  [6].  After  further  optimization,  the  design  is  now 
commercially  available  for  tube-in-tube,  gel-filled,  and  totally  dry 
[7]  cable  designs.  An  outdoor/indoor,  riser-rated  version  of  the 
sheath  is  available  with  both  gel-filled  and  dry  ribbon  cores. 

This  paper  describes  the  design  of  new  reinforcements  for  this 
application,  as  well  as  prove-in  testing  of  the  new  sheath  in 


laboratory  and  installation  simulation  tests.  In  section  2,  we 
discuss  development  of  reinforcements  that  bond  to  the  cable 
jacket  by  “frictional  adhesion”.  Section  3  reviews  the  cables 
available  with  the  new  two-rod  sheath,  and  details  the  model 
two-rod  and  six-member  cables  manufactured  for  quantitative 
comparison  of  the  two  sheath  designs.  Section  4  provides  a 
summary  of  experiments  characterizing  the  tensile  and  bending 
performance  of  the  two  designs.  Compared  to  the  six-member 
design,  the  two-rod  design  has  similar  tensile  performance. 
However,  the  new  two-rod  design  exhibits  significantly  reduced 
preferential  bending,  due  to  the  frictional  adhesion  between  the 
rods  and  the  cable  jacket.  Reduced  preferential  bending 
provides  for  improved  field  handling  and  installation 
performance,  as  discussed  in  Section  5.  A  detailed  study 
presented  in  section  5  quantifies  the  excellent  performance  of 
the  two-rod  sheath  in  blowing  installation.  Additionally,  a 
simple  model  presented  in  Section  5  describes  how  the 
improved  performance  of  the  two-rod  cables  can  provide  cable 
installers  with  significant  savings  in  both  time  and  cost. 


Figure  1  -  Schematic  of  Six-Member  Dielectric 
Central  Tube  Cable  Design 


Figure  2  —  Photograph  of  Six-Member  Dielectric 
Central  Tube  Cable  Design 
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Figure  3  -  Schematic  of  Two-Rod  Dielectric 
Central  Tube  Cable  Design 


2.  Reinforcement  Design  and 
Characterization 

In  order  to  develop  a  new  linear  dielectric  sheath  with  reduced 
preferential  bending,  it  was  necessary  to  design  and  develop  new 
cable  reinforcements  with  sufficient  tensile  stiffness, 
compressive  stiffness,  and  coupling  to  the  cable  jacket. 

2.1  Design  Goals  for  New  Reinforcements 

Although  other  components  of  a  cable  do  have  some  load- 
carrying  capacity,  the  strength  members  provide  most  of  the 
tensile  stiffness  of  a  cable  sheath.  For  a  two-rod  design  rated  at 
2700N  (600  lb.),  each  rod  should  be  capable  of  carrying  a 
minimum  load  of  1380N  (310  lb.)  at  0.5%  strain,  with  a 
preferred  nominal  load  at  0.5%  strain  of  at  least  1560N  (350  lb). 
In  addition  to  having  the  necessary  tensile  and  compressive 
stiffness,  it  is  desirable  for  these  FRP  rods  to  be  as  compact  as 
possible,  to  minimize  the  overall  size  of  the  cables. 

In  the  standard  six-member  design,  the  FRP  reinforcements  are 
typically  coated  with  a  hot-melt  adhesive.  During  jacketing 
extrusion,  this  coating  melts  and  subsequently  forms  a  strong 
adhesive  bond  with  the  jacket  upon  cooling.  As  a  result,  when  a 
six-member  dielectric  cable  is  handled  in  the  field,  it  exhibits  a 
preferential  bend.  It  is  relatively  easy  to  bend  the  cable  in  the 
plane  perpendicular  to  the  rigid  FRP  strength  members. 
However,  as  shown  below  in  Section  4.2,  it  is  difficult  to  bend 
the  cable  in  the  plane  parallel  to  the  rigid  rods. 

To  minimize  preferential  bend  in  an  improved  design,  the  rods 
must  be  able  to  relax  locally  when  the  cable  is  bent.  However, 
the  rods  still  must  be  able  to  couple  sufficiently  with  the 
jacketing  material  and  the  rest  of  the  cable  to  provide  the 
necessary  tensile  performance.  To  balance  these  potentially 
conflicting  needs,  we  set  a  goal  of  developing  a  new  means  of 


Figure  4  -  Photograph  of  Two-Rod  Dielectric 
Central  Tube  Cable  Design 


coupling  the  reinforcements  to  the  sheath  through  “frictional 
coupling”.  Instead  of  forming  an  adhesive  bond  with  the  cable 
jacket,  the  desired  reinforcements  would  couple  to  the  jacket 
through  a  high  coefficient  of  friction  between  the  rod  surface 
and  the  jacketing  material.  This  would  provide  for 
reinforcement  of  the  cable  during  application  of  tensile  loads, 
while  still  allowing  for  local  slippage  of  the  rods  in  bending.  In 
order  to  meet  these  goals,  a  new  type  of  coating  was  needed:  a 
material  that  does  not  melt  when  the  jacketing  material  is 
extruded,  but  is  still  soff  enough  to  exhibit  high  friction  with  the 
jacket. 

2.2  Characterization  of  Candidate  Reinforcements 

Two  different  types  of  temperature-resistant  materials  were 
identified  as  candidates  for  the  “frictional”  coating:  soft 
thermoplastics,  and  soft  UV-cured  materials.  Samples  of  rigid 
rods  coated  with  these  types  of  materials  were  obtained  from 
multiple  manufacturers  of  rigid  FRP  reinforcements.  Tests  in 
our  laboratory  found  that  all  of  the  materials  met  the  minimum 
load-bearing  target  of  1380N  (310  lb.)  at  0.5%  strain.  All  of  the 
reinforcements  had  diameters  smaller  than  2.80  mm  (0.1 10  in.). 

In  order  to  characterize  adhesion  of  the  rods  to  high-density 
polyethylene  jacketing  materials,  we  utilized  a  test  method  based 
on  ASTM  D1871,  Adhesion  of  Single-Filament  Steel  Wire  to 
Rubber"  [8],  Two  5.1  x  20.8  x  0.95  mm  (2.0  x  8.0  x  0.38  in.) 
plaques  of  typical  high-density  polyethylene  (HDPE)  jacketing 
material  are  first  prepared  by  compression  molding.  Then, 
multiple  samples  of  a  candidate  FRP  rod  are  compression- 
molded  between  the  two  plaques,  such  that  a  5.1mm  (2.0  in.) 
gauge  length  of  each  sample  is  encased  in  the  plastic.  Each 
sample  is  then  individually  pulled  out  of  the  plastic  using  a  MTS 
ReNew  electro-mechanical  tensile  testing  machine,  at  a 
crosshead  speed  of  5.1  mm/min.  (2.0  in./min.).  For  each 
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sample,  adhesion  is  quantified  as  the  maximum  pull-out  force 
recorded  during  the  test.  For  each  of  the  candidate  rods 
described  below,  at  least  five  samples  were  tested. 

After  initial  screening,  we  chose  to  focus  on  four  candidate  rods: 
one  with  a  soft  thermoplastic  coating,  and  three  with  soft  UV- 
curable  coatings.  These  rods  will  be  referred  to  as  rods  “A” 
through  “D”.  Results  of  adhesion  tests  at  23°C  are  summarized 
below  in  Table  1.  A  standard  rigid  FRP  rod,  coated  with  a 
typical  hot-melt  adhesive,  was  included  as  a  control.  This  rod 
will  be  referred  to  as  rod  “E”.  Despite  the  differences  in  coating 
material,  the  adhesion  of  rods  A,  B  and  C  is  similar,  while  the 
adhesion  of  rod  D  is  substantially  higher.  However,  the 
adhesion  of  all  of  the  candidate  rods  is  much  less  than  that  of 
rod  E,  the  control  material.  Each  candidate  in  the  A-D  series 
was  found  to  meet  the  design  goal  of  coupling  to  the  jacketing 
material  through  frictional  adhesion. 


Table  1  -  Adhesion  of  reinforcements  to  HDPE  at 
23°C 


Rod 

Coating  Type 

Adhesion 
at  23  °C, 

N  (lb.) 

Standard 

Deviation, 

N  (lb.) 

A 

Soft  thermoplastic 

270  (61) 

31  (7.0) 

B 

Soft  UV-cured 

270  (61) 

30  (6.8) 

C 

Soft  UV-cured 

250  (57) 

35  (7.9) 

D 

Soft  UV-cured 

630  (140) 

78  (18) 

E 

Hot  melt  adhesive 

1250(280) 

91  (21) 

During  field  service,  outside  plant  cables  jacketed  with  carbon- 
black-filled  polyethylene  can  frequently  reach  temperatures  of 
50°C  (122°F)  or  higher.  These  high  temperatures  could 
conceivably  affect  coupling  between  the  reinforcements  and  the 
cable  jacket.  With  standard  hot-melt  adhesive  coatings,  a  strong 
bond  is  maintained  between  the  rod  and  jacketing  material  at 
any  temperature  below  the  melting  point  of  the  adhesive.  For 
the  new  “frictional”  coatings,  the  coupling  between  the  cable 
jacket  and  the  reinforcements  is  designed  to  be  less  than  that 
provided  by  hot  melt  coatings.  In  order  to  characterize  the 
performance  of  the  new  coatings  at  elevated  temperatures,  we 
repeated  the  adhesion  test  described  above  at  a  temperature  of 
55°C  (131°F).  For  these  experiments,  the  MTS  ReNew 
electromechanical  tensile  testing  machine  was  fitted  with  a 
forced-air  environmental  chamber  equipped  with  a  calibrated 
thermometer.  Samples  were  allowed  to  condition  at  55°C  for  5 
minutes  before  the  test.  Results  of  the  tests  for  rods  A-D  are 
given  below  in  Table  2. 

For  all  of  the  candidate  rods,  adhesion  to  the  jacketing  material 
decreases  at  high  temperature.  However,  upon  heating  to  55°C, 
the  adhesion  of  rod  “A”,  with  the  soft  thermoplastic  coating,  is 
much  less  than  the  adhesion  of  any  of  the  rods  coated  with  soft 


UV-curable  materials.  Since  Rod  D  exhibits  the  highest 
adhesion  to  standard  HDPE  jacketing  at  elevated  temperature, 
we  selected  this  material  as  the  best  candidate  for  further 
development. 


Table  2  -  Adhesion  of  reinforcements  to  HDPE  at 
55°C 


Rod 

Coating  Type 

Adhesion 
at  55°C 

N  (lb.) 

Standard 

Deviation, 

N  (lb.) 

A 

Soft  thermoplastic 

64  (14) 

9.8  (2.2) 

B 

Soft  UV-cured 

150  (34) 

10  (2.3) 

C 

Soft  UV-cured 

210(47) 

38  (8.5) 

D 

Soft  UV-cured 

280  (64) 

22  (4.9) 

The  balance  of  the  paper  focuses  on  characterization  and  prove¬ 
in  of  two-rod  cables  using  rod  D,  including  laboratory  tests  of 
cable  mechanical  properties  and  installation  simulation  tests.  At 
each  step,  we  compare  performance  this  new  two-rod  cable 
design  to  that  of  the  standard  six-member  linear  dielectric 
design. 

3.  Cable  Designs 

The  six-member  linear  dielectric  design  has  been  commercially 
available  for  over  10  years.  Gel-filled  ribbon  cores  are  currently 
offered  in  two  different  sizes  and  accommodate  fiber  counts 
ranging  from  12  to  216.  The  new  two-rod  linear  dielectric 
sheath  is  available  in  three  different  cable  sizes,  also 
accommodating  fiber  counts  from  12  to  216.  The  new  sheath 
design  is  available  with  multiple  core  configurations:  tube-in¬ 
tube  [4]  a  gel-filled  ribbon  core,  or  a  new  dry  ribbon  core  [7]. 
Both  two-rod  and  six-member  sheath  designs  have  a  tensile 
rating  of  2700N.  Table  3  summarizes  the  configurations  and 
fiber  counts  of  commercially  available  linear  dielectric  cables. 

For  quantitative  comparisons  of  the  performance  of  the  new 
two-rod  linear  dielectric  design  to  the  six-member  design,  the 
study  will  focus  on  model,  central  tube  cables  with  216-fiber 
ribbon  cores.  A  series  of  four  prototype  18.5  mm  (0.710  in.) 
216-fiber  ribbon  cables  were  manufactured  for  qualification 
testing,  as  summarized  in  Table  4.  These  included  one  cable 
with  “live”  fibers  for  optical,  mechanical,  and  installation- 
simulation  testing,  and  three  cables  with  “filler”  fibers  that  were 
only  used  for  limited  mechanical  and  installation-simulation 
tests.  Two  of  the  cables  had  gel-filled  cores,  while  the  other  two 
cables  had  a  new  totally  dry  central-core  design  that  is  described 
in  a  companion  paper  [7].  Taken  together,  these  four  cables 
allow  examination  of  the  effects  of  sheath  design  (two-rod  vs. 
six-member)  and  cable  weight  (gel-filled  vs.  dry). 
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Table  3  -  Construction  and  fiber  counts  of  commercially  available  dielectric  cables 


Cable  Construction 

Dielectric  Strength 

Member  System 

Fiber 

Count 

Core  OD 
mm  (in) 

Cable  OD 
mm  (in) 

Dry  1 2-fiber  ribbon  core 

Two  rod 

12  to  48 

6.0  (0.236) 

13.0  (0.510) 

Tube-in-tube  core  (12  fiber  tubes) 

Two  rods 

12  to  48 

6.0  (0.236) 

13.0  (0.510) 

Dry  1 2-fiber  ribbon  core 

Two  rods 

60  to  144 

7.9  (0.310) 

15.5(0.610) 

Gel-filled  12-fiber  ribbon  core 

Six  members  or  two  rods 

12  to  144 

7.9  (0.310) 

15.5  (0.610) 

Tube-in-tube  core  (12  fiber  tubes) 

Two  rods 

■UHARHin 

Dry  1 2-fiber  ribbon  core 

Two  rod 

■EEREm 

■IfflinUMIlM 

Gel-filled  1 2-fiber  ribbon  core 

Six  members  or  two  rods 

156  to  216 

10.4  (0.410) 

18.0(0.710) 

Tube-in-tube  core  (12  fiber  tubes 

Two  rods 

96  to  144 

10.4  (0.410) 

18.0  (0.710) 

Table  4  -  Prototype  cables  manufactured  for  qualification  testing 


Cable 

Cable  Diameter, 
mm  (in) 

Reinforcement 

System 

Core  Design 

Fiber  Count 

Fiber  Type 

1 

18.0(0.710) 

Six-member 

Gel-filled 

216 

Filler 

2 

18.0  (0.710) 

Six-member 

Dry 

216 

Filler 

3 

18.0  (0.710) 

Two-rod 

Gel-filled 

216 

Filler 

4 

18.0  (0.710) 

Two-rod 

Dry 

216 

Live 

4.  Cable  Mechanical  Performance 

4.1  Tensile  Performance 

The  Automated  Long  Gauge-Length  Tensile  Tester  (ALTET)  is 
a  device  developed  in  our  laboratory  for  mechanical  tests  of 
long-length  cable  samples.  In  this  device,  4.6  m  (15.0  ft) 
lengths  of  cable  are  mounted  horizontally,  held  by  flexible  wire 
mesh  grips.  Tensile  force  is  supplied  by  a  motor  and  screw  jack 
system,  and  strain  is  measured  by  a  pair  of  independently 
mounted  optical  encoders  1.80m  (71  in.)  apart  in  the  center  of 
the  device.  This  apparatus  allows  for  accurate  testing  of  long 
lengths  of  cable  independent  of  end  effects,  and  as  such  is  an 
excellent  simulation  of  field  loading  conditions. 

To  illustrate  the  tensile  performance  of  the  new  cable  design,  we 
compare  the  ALTET  test  performance  of  two  216-fiber  cables:  a 
grease-filled  cable  with  a  standard  six-member  sheath  (Cable  1), 
and  a  dry  cable  with  the  new  two-rod  sheath  (Cable  4).  4.6  m 
(15.0  ft)  lengths  of  each  cable  were  loaded  at  a  speed  of  0.43 
m/minute  (1.4  ft/minute).  Strain  vs.  load  curves  for  each  cable 
are  shown  below  in  Figure  5.  For  clarity,  only  half  of  the  actual 
data  points  collected  are  plotted  in  Figure  5.  The  tensile 
stiffness  of  each  cable  may  be  calculated  by  a  linear  regression 
fit  to  the  data  between  0.25%  and  0.5%  strain.  Results  of  these 
fits  are  shown  below  in  Table  5.  The  data  indicate  that  the 
tensile  stiffness  of  the  two-rod  cable  is  slightly  less  than  that  of 
the  six-member  design.  However,  based  on  the  data,  the 
stiffness  of  each  cable  is  more  than  sufficient  to  carry  a  2700N 


(600  lb)  load  at  0.5%  strain,  as  required  by  the  Telcordia  GR-20 
standard  [9]  in  North  America 


Figure  5  -  Load  versus  Strain  Behavior  in  ALTET 
Tensile  Testing  of  Cables 
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Table  5.  Tensile  stiffness  of  representative  216- 


fiber  dielectric  cables 


Cable 

Number 

Cable 

Construction 

Tensile  Stifftiess, 

N/%  strain  (lb./%  strain) 

1 

Six-member, 

grease-filled 

9700 (2200) 

4 

Two-rod, 
dry  core 

8200(1800) 

4.2  Bending  Stiffness 

A  three-point  bend  test  was  used  to  compare  the  bending 
stiffness  of  the  six-member  and  two-rod  linear  dielectric  designs. 
The  test  was  loosely  modeled  after  ASTM  D  790-98  “ Flexural 
Properties  of  Unreinforced  and  Reinforced  Plastics  and 
Electrical  Insulating  Materials  ”  [10].  A  three-point  flexure  test 
jig  was  designed  and  machined  for  this  application.  As  required 
in  this  specification,  the  jig  bearing  edges  have  radii  less  than  or 
equal  to  1.6  times  the  cable  diameter.  The  fixture  is  adjustable, 
such  that  lengths  of  cable  ranging  from  2  to  24  inches  may  be 
tested. 

A  29.7  cm  (1 1 .0  in.)  sample  length  was  used  for  these  tests.  For 
this  length,  a  flexural  deflection  of  approximately  50.8mm  (2  in) 
will  closely  model  the  minimum  bending  radius  of  these  cable 
designs.  All  testing  was  performed  on  a  MTS  ReNew  electro¬ 
mechanical  test  system  at  room  temperature,  approximately  23°C 
(73°F).  Special  care  was  taken  to  assure  the  cable  sample  was 
completely  straight  before  beginning  each  test.  Samples  were 
bent  at  a  speed  of  5  mm  (0.2in)  per  minute,  and  each  test  was 
run  long  enough  to  allow  for  at  least  50.8  mm  (2  in.) 
displacement.  Using  an  external  displacement  gauge,  values  of 
load  and  displacement  were  measured  as  the  cable  was  bent. 
Tests  were  performed  for  cables  with  the  flexural  loading 
applied  both  perpendicular  and  parallel  to  the  plane  of  the  rods, 
as  shown  in  Figure  6. 


Perpendicular  Parallel 

Orientation  Orientation 

Figure  6  -  Schematic  of  Sample  Orientation  in 
Bending  Stiffness  Tests 


The  general  equation  describing  the  small-strain  deflection  of  a 
beam  constructed  from  a  linear  elastic  material  [1 1]  is: 


(1) 


where  the  variables  are  defined  as  : 

B  s  bending  stiffness  (Nm2  or  lb-in2) 

D  =  distance  between  supporting  points  (m  or  in) 

F  s  Force  needed  to  bend  the  cable  over  a  distance  AY  (N  or  lb) 
AY=  displacement  (morft) 

For  purposes  of  evaluating  cable  bending,  this  equation  may  be 
re-expressed  in  terms  of  specific  variables: 

El  = 


/3 

p 

48 

~y. 

where: 

£7= bending  stiffness  (N  m2  or  lb-in2) 

/  =  span  length  (between  supporting  points)  (m  or  in) 
p  =  Load  needed  to  bend  the  cable  over  a  distance  y  (N  or  lb) 
y  =  displacement  (m  or  ft) 

Using  the  relationship  in  Equation  2,  the  bending  stifftiess  may 
be  determined  from  a  tangential  curve  fit  to  a  plot  of  load  vs. 
displacement.  This  method  provides  a  reasonable  quantitative 
assessment  of  a  cable’s  bending  stifftiess,  especially  for  cables 
with  a  non-linear  response.  The  bending  stiffness,  £7,  was 
consequently  calculated  over  a  range  of  corresponding  load  (AP) 
and  displacement  (Ay)  values. 

Results  of  curve  fits  to  flexural  load-displacement  curves  are 
shown  in  Table  6.  When  the  cables  are  loaded  perpendicular  to 
the  plane  of  the  strength  members,  there  is  no  significant 
difference  in  the  bending  stifftiess  of  the  two  designs.  For 
bending  parallel  to  the  plane  of  the  rods,  the  behavior  of  the  two 
designs  is  quite  different.  The  bending  stifftiess  of  the  six- 
member  cable  in  the  “parallel”  orientation  is  approximately 
430%  greater  than  the  bending  stifftiess  in  the  “perpendicular” 
orientation.  As  a  result,  the  six-member  design  exhibits  strong 
preferential  bending  behavior.  In  contrast,  for  the  two-rod 


Table  6  -  Bending  stiffness  results 


Cable 

Number 

Cable 

Strength 

System 

Rod  orientation 
to  applied 
loading 

Bending 
Stifftiess 
(N-m2  [lb-in2]) 

2 

Six  Member 

Perpendicular 

1.02  (356) 

4 

Two  Rod 

Perpendicular 

1.04  (364) 

2 

Six  Member 

Parallel 

4.43  (1543) 

4 

Two  Rod 

Parallel 

1.28  (446) 
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TABLE  8  -  Summary  of  cable  blowing  tests 


Cable 

Number 

Reinforcement 

system 

Core 

design 

Ambient 
Temperature 
(°c  [°F]) 

Initial 

Blowing 

Velocity 

(mpm[fpm]) 

Final 

Blowing 

Velocity 

(mpm[fpm]) 

Average 

Blowing 

Velocity 

(mpm[fpm]) 

Total 

Blowing 

Distance 

(m[ft]) 

1 

Six-member 

Gel  filled 

28  (82) 

56.4  (185) 

0 

33.2  (109) 

1160  (3804) 

2 

Six-member 

Dry 

26  (79) 

57.9(190) 

0 

42.4(139) 

1242(4074) 

3 

Two-rod 

Gel  filled 

21  (70) 

59.4(195) 

54.9  (180) 

56.7(186) 

1328  (4358)* 

4 

Two-rod 

Dry 

16(61) 

57.9(190) 

56.4  (185) 

57.3  (188) 

1328  (4358)* 

*  Full  length  of  duct  route 


The  average  velocity  of  both  two-rod  cables  was  approximately 
35%  higher  than  that  of  the  dry  six-member  cable,  and  about 
80%  higher  than  that  of  the  gel-filled  six-member  cable. 

5.2.2  Benefits  for  Cable  Installers:  Time  Savings 
Resulting  from  Improved  Blowing  Performance 

Actual  blowing  performance  will  depend  on  many  factors, 
including  ambient  temperature  and  weather;  topology  of  the 
duct  system;  condition  of  the  duct  system;  and  performance  of 
the  blowing  equipment.  However,  deployment  of  the  new  two- 
rod  design  instead  of  the  standard,  gel-filled  six-member  design 
could  provide  installers  significant  savings  in  time  and  cost. 
Using  the  results  of  the  blowing  study  described  above  in 
Section  6.2,  we  can  construct  a  simple  model  that  compares 
installation  of  the  two  designs  for  a  long-haul  route.  As  in  the 
case  of  the  installation  study  above,  216-fiber  cables  are 
installed  in  underground  duct  with  an  inner  diameter  of  3 1 .8  mm 
(1  V*  in.).  The  assumptions  made  in  this  model  arc  summarized 
below  in  Table  9. 

Table  9  -  Blowing  installation  scenario 


assumptions 


Length  of  route 

150km  (93.2  miles) 

Length  of  cable  per  reel 

6.0km  (3.72  miles) 

Frequency  of  manholes/handholes 

One  per  kilometer 

Length  of  work  day 

6  hours 

Average  installation  velocity  for 
six-member  cable 

31  m/min. 

(102  ft/min.) 

Average  installation  velocity  for 
two-rod  cable 

57  m/min. 

(187  ft/min.) 

We  also  assume  that  the  cables  are  being  installed  using 
“cascading”  blowing  equipment  at  each  manhole  or  handhole. 
Through  use  of  cascading  equipment,  the  entire  6km  length  of 
each  cable  may  be  installed  at  once,  without  intermediate  coiling 
or  figure-eighting  of  the  cable.  This  minimizes  the  overall  time 
required  to  place  cable  along  the  route. 


Given  these  assumptions,  the  time  required  to  place  the  of  the 
gel-filled  six-member  cables  in  the  duct  system  will  be  53.6 
hours,  or  8.9  working  days.  In  contrast,  placement  of  the  two- 
rod  cables  would  only  require  29.2  hours,  or  4.9  days.  In  this 
scenario,  compared  to  the  six-member  design,  installation  of  the 
two-rod  cable  takes  45%  less  time,  saving  four  working  days. 

6.  Conclusions 

This  paper  describes  the  design  and  performance  of  a  novel 
dielectric  central-core  cable  sheath  that  employs  two  linearly 
applied  FRP  composite  rods.  The  novel  coating  of  the 
composite  rods  provides  optimized  frictional  coupling  between 
the  rods  and  the  cable  jacket.  The  coating  allows  decoupling  of 
the  rods  and  jacket  in  bending  or  torsional  deformations. 
However,  once  these  types  of  loads  are  relieved,  the  coatings 
allow  the  rods  to  re-couple  to  the  jacket. 

The  new  sheath  design  has  been  applied  to  a  variety  of  core 
structures,  including  tube-in-tube,  filled  ribbon  and  dry  ribbon 
cores.  These  cables  are  available  in  fiber  counts  ranging  from 
12  to  216,  utilizing  12-fiber  tubes  or  12-fiber  ribbons.  The  new 
sheath  design  has  a  tensile  rating  of  2700N  (600  lb.). 

Coupling  of  the  FRP  rods  to  the  cable  jacket  through  frictional 
adhesion  provides  a  robust  cable  sheath  with  minimal 
preferential  bending.  As  a  result,  the  installation  and  handling 
performance  of  the  new  two-rod  linear  dielectric  design  is 
superior  to  that  of  the  industry-standard  six-member  linear 
dielectric  design.  The  improved  performance  of  the  two-rod 
design  in  blowing  can  substantially  reduce  cable  installation 
time  and  cost. 
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Abstract 

Historically,  optical  fiber  cables  for  the  Outside  Plant 
(OSP)  environment  have  employed  filling  compounds 
to  immediately  surround  the  fibers  within  the  core 
tube  or  buffer  tubes.  The  primary  fiinction  of  filling 
compound  is  to  impede  the  migration  of  water  within 
the  interior  of  the  cable.  Additional  benefits  provided 
by  filling  compounds  include  increasing  hydrostatic 
resistance  to  compressive  forces  and  vibrational 
damping.  The  performance  and  reliability  of  filled 
cables  has  been  demonstrated  over  the  past  1 5  years. 

However,  during  cable  installation,  filling  compound 
is  generally  a  nuisance.  The  most  significant 
difficulty  is  removal  of  the  filling  compound  and 
cleaning  of  the  fiber  units  before  splicing.  This  is  a 
time-consuming  process  that  increases  expense  and 
reduces  productivity  during  installation  operations. 
Filling  compound  can  also  contribute  significantly  to 
the  total  weight  of  cables,  increasing  the  equipment 
and  personnel  required  for  long-haul  installations. 
Filling  compounds  tend  to  be  sticky  or  greasy,  and 
therefore  are  a  housekeeping  annoyance  to  installers. 
In  recent  years,  to  overcome  these  drawbacks,  many 
cable  manufacturers  have  offered  new  designs  that 
minimize  the  amount  of  filling  compound,  as  reviewed 
briefly  here. 

The  focus  of  this  paper  is  the  development  of  a  family 
of  new  central  tube  ribbon  cables  that  completely 
eliminate  all  filling  compounds  and/or  oils  within  the 
central  core  tube.  This  new  design  family  has  been 
applied  to  fiber  counts  ranging  from  12  to  216,  in  both 
metallic  and  dielectric  sheaths.  All  of  the  cables  in 
this  family  are  fully  compliant  with  the  Telcordia  GR- 
20  standard  requirements  for  Outside  Plant  cables. 
Compared  to  conventional  filled  OSP  cables,  the  new 
family  of  cables  has  equivalent  or  better  optical, 
mechanical  and  environmental  performance.  We  also 
summarize  the  results  of  a  rigorous  battery  of 
installation  simulation  tests  that  show  the  performance 
of  this  family  of  cables  is  generally  better  than  that  of 
standard  filled  cables.  Finally,  we  present  time-study 
results  that  demonstrate  that  these  new  cables  offer 
installers  substantial  time  and  cost  savings  during 
splicing  operations.  B 

Keywords:  fiber  optic  cable,  filling  compound; 
waterswellable;  superabsorbent. 


1.  Introduction 

Ingress  of  water  into  fiber  optic  cables  can  be  a  serious 
threat  to  network  reliability.  If  water  penetration  is 
not  controlled,  water  can  travel  along  the  interior  of 
cables  to  splice  closures,  potentially  leading  to  damage 
to  the  telecommunications  system  and  interruptions  in 
service.  Water  may  penetrate  a  cable  sheath  by  two 
means:  by  diffusion  through  the  cable  jacketing,  or  as 
the  result  of  damage  to  the  cable. 

In  wet  conditions,  diffusion  of  water  through  the  cable 
sheath  could  conceivably  result  in  condensation  of 
free  water  within  the  cable.  However,  a  recent  study 
[1]  has  shown  that  superabsorbent  materials  can 
prevent  condensation  of  water  that  diffuses  through 
the  jacket.  The  study  found  that,  in  an  undamaged 
dielectric  cable,  waterswellable  superabsorbent 
materials  limit  condensation  of  water  for  at  least  20  to 
25  years  at  23°C.  Therefore,  damage  to  the  cable 
jacket  is  the  most  likely  scenario  by  which  water  can 
enter  the  interior  of  a  fiber  optic  cable.  Jacket  damage 
can  occur  as  the  result  of  dig-ups,  accidental  impacts, 
lightning  strikes,  or  chewing  rodents. 

In  the  initial  deployment  of  optical  fiber  networks, 
pressurized  air  core  cables  were  introduced  into 
outside  plant  applications.  In  these  designs, 
nbbonized  fibers  were  surrounded  by 
poly(tetrafluoroethylene)  tape  within  a  polyethylene 
core  tube,  contained  within  a  crossply  metallic  or 
dielectric  sheath  [2][3],  To  block  the  migration  of 
water,  cable  cores  were  pressurized  with  nitrogen  gas. 
Because  of  the  expense  and  difficulty  of  maintaining 
the  required  pressure,  the  air  core  design  eventually 
gave  way  to  new  means  of  blocking  water  migration 
in  cables:  filling  or  flooding  compounds.  These 
compounds  are  typically  petroleum-based  gels  that  are 
used  to  fill  void  areas  within  the  cable  sheath, 
including  the  voids  directly  surrounding  the  optical 
fibers.  The  use  of  filling  compounds  in  fiber  optic 
cables  has  been  an  established  practice  for  over  15 
years. 

However,  there  are  several  drawbacks  to  the  use  of 
filling  compounds.  Filling  compounds  increase  cable 
weight,  making  installation  and  handling  more 
difficult.  These  gels  are  also  a  housekeeping  nuisance, 
as  they  can  easily  contaminate  clothes,  tools  or 
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closures  -  essentially  anything  they  contact.  Special 
care  must  be  taken  to  clean  splicing  machines  and 
optical  test  sets  contaminated  by  gel.  Residues  from 
gel  can  eventually  lead  to  long-term  reliability 
problems  with  these  types  of  costly  installation 
equipment. 

Most  significantly,  filling  compounds  lead  to 
increased  installation  costs  for  telecommunications 
service  providers.  During  installation  of  filled  cables, 
it  is  necessary  to  carefully  remove  all  gels  in  order  to 
prepare  fibers  for  splicing.  Skilled  craftspeople  are 
required  to  spend  a  great  deal  of  their  time  cleaning 
gel,  instead  of  focusing  on  splicing  and  testing  of 
fibers.  In  addition,  any  gel  residues  remaining  on 
fibers  during  fusion  splicing  will  likely  cause  process 
errors  and/or  defects.  As  a  result,  removal  of  filling 
compound  is  a  significant  component  of  cable 
installation  time  and  costs. 

To  address  problems  resulting  from  use  of  filling  and 
flooding  compounds,  many  manufacturers  have 
introduced  designs  that  minimize  the  use  of  gels. 
These  include  dry  loose  tube  designs  [4]  and  “tube  in 
tube”  central  core  designs  [5]  [6]  [7].  However,  these 
new  designs  still  use  filling  compounds  within  the 
fiber-containing  tubes,  and  as  such  still  require 
installers  to  perform  extensive  cleaning.  Recently, 
two  types  of  dry,  central  core  ribbon  cables  have  been 
documented.  A  completely  dry  central-core  design 
using  a  large  number  of  superabsorbent  yams  within 
the  cable  core  has  been  described  in  the  literature  [8]. 
However,  this  design  is  apparently  only  available  in 
dielectric  sheaths.  In  an  alternate  cable  design 
described  in  the  literature,  the  core  tube  houses  a 
specially  designed  water  blocking  laminated  tape  and 
uses  intermittent  resin  plugs  in  the  tube  in  order  to  fix 
the  fibers  in  the  cable  [9]. 

In  this  paper,  we  describe  the  development  of  a 
complete  new  family  of  totally  dry,  central  core  ribbon 
cables  in  which  a  single  piece  of  superabosrbent  tape 
provides  waterblocking.  These  cables,  marketed 
under  the  trade  name  AccuRibbon®  DC,  are  fully 
compliant  with  all  requirements  of  Telcordia  GR-20- 
CORE  [10].  The  family  of  cables  is  commercially 
available  in  both  dielectric  and  armored  metallic 
sheaths,  in  fiber  counts  ranging  from  12  to  216.  As 
discussed  below,  the  complete  elimination  of  filling 
compound  provides  substantial  reductions  in  the  time 
required  for  cable  splicing  operations.  Therefore,  this 
family  of  cables  can  afford  service  providers 
considerable  installation  cost  savings. 

2.  Cable  Design 

2.1.  Core  Design 

The  optical  fibers  are  arranged  in  12-fiber  ribbons 
within  a  central  core  tube.  Ribbonized  fibers  provide 
inherently  high  fiber  packing  density  in  central  core 


constructions,  and  ribbons  can  be  easily  routed  and 
managed  in  splice  closures.  In  addition,  ribbons  allow 
for  increased  productivity  through  mass  fusion 
splicing.  However,  the  ribbons  used  in  these  new  dry 
central-core  cables  may  also  be  spliced  and  managed 
as  subunits  or  single  fibers.  Breakout  of  these  12-fiber 
ribbons  into  robust  subunits  is  straightforward,  and 
separation  of  the  ribbon  into  individual  fibers  is 
simple,  as  the  matrix  material  is  engineered  to  be 
removed  from  the  fibers  easily  [11].  Depending  upon 
fiber  count,  three  different  core  tube  sizes  are 
employed,  as  shown  in  Table  1 . 

TABLE  1  -Dimensions  and  Fiber  Counts 
of  Core  Tubes  _ 


Fiber  Count 

Ribbon  Count 

Core  OD 
mm(in) 

12  to  48 

1  to  4 

6.0  (0.236) 

60  to  144 

5  to  12 

7.9  (0.310) 

156  to  216 

13  to  18 

10.4  (0.410) 

Figure  1  shows  a  schematic  of  a  representative  144- 
fiber  cable  core.  As  seen  in  the  schematic,  the  ribbons 
are  wrapped  by  a  single  piece  of  an  engineered 
superabsorbent  tape,  referred  to  as  the  core  tape, 
which  replaces  the  filling  compound.  As  described 
below,  the  core  tape  acts  to  block  water  propagation 
along  these  cables,  in  compliance  with  Telcordia  GR- 
20.  The  ribbons  and  superabsorbent  tape  are 
contained  within  a  hollow  impact-modified 
polypropylene  central  core  tube. 


Figure  1  -  Schematic  of  Core  Design 

The  dimensions  of  the  cable  core  tubes  are  similar  to 
those  of  common  filled  central  core  cables.  As  is  the 
case  with  filled  central  core  cables,  the  cores  are  sized 
to  provide  for  minimum  fiber  strain  during  installation 
and  service.  The  cores  are  also  engineered  to  have 
sufficient  excess  fiber  length  to  ensure  excellent 
optical  performance  under  mechanical  stress  and  at 
temperature  extremes. 

2.2.  Sheath  Design 

These  dry  ribbon  cables  are  available  in  both  metallic 
and  dielectric  sheath  configurations.  The  cables  are 
available  in  three  sizes,  depending  upon  fiber  count,  as 
summarized  below  in  Table  2.  For  a  given  fiber 
count,  the  metallic  and  dielectric  cables  have  the  same 
outer  diameter.  Figure  2  is  a  schematic  of  the  metallic 
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sheath  design,  detailing  the  individual  components;  a 
picture  of  a  metallic  cable  is  shown  in  Figure  3.  The 
metallic  sheath  is  a  standard,  proven  design  that  has 
been  utilized  in  multiple  service  conditions  for  many 
years.  The  strength  system  in  the  metallic  sheath  is 
comprised  of  a  corrugated  ECCS  armor  and  two 
diametrically  opposed  linear  steel  wires.  The 
dielectric  sheath,  as  illustrated  by  the  schematic  in 
Figure  4  and  the  picture  in  Figure  5,  is  appropriate  for 
use  in  areas  where  lightning  or  stray  electrical  currents 
may  be  a  problem.  Two  diametrically  opposed,  linear 
glass/epoxy  rods  provide  strength  in  the  dielectric 
sheath.  The  rods  are  coated  with  a  UV-cured 
“frictional  coating”  that  provides  ample  mechanical 
coupling  between  the  rods  and  jacket  over  a  broad 
temperature  range.  Both  dielectric  and  metallic 
strength  systems  provide  a  tensile  rating  of  2700N  for 
all  members  of  this  cable  family. 

In  each  design,  a  standard  superabsorbent 
waterblocking  tape  is  used  to  wrap  the  core  tube,  to 


prevent  water  ingress  between  the  jacket  and  core.  All 
cables  in  the  family  are  jacketed  with  high-density 
polyethylene.  HDPE  has  been  selected  because  of  its 
hardness,  ruggedness,  and  low  coefficient  of  friction, 
all  of  which  enhance  the  installation  performance  of 
these  cables. 


TABLE  2  -  Dimensions  and  Fiber  Counts 
_ of  Cables 


Fiber  Count 

Ribbon  Count 

Cable  OD 
mm(in) 

12  to  48 

1  to  4 

13.0(0.510) 

60  to  144 

5  to  12 

15.5  (0.610) 

156  to  216 

13  to  18 

18.0(0.710) 

Figures  2  and  3  -  Schematic  of  Metallic  Dry  Ribbon  Design  (left) 
and  Picture  of  Cable  (right). 


Figures  4  and  5  -  Schematic  of  Dielectric  Dry  Ribbon  Design  (left) 
and  Picture  of  Cable  (right). 
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Table  3.  Results  of  extended  water  penetration  tests  on  dry  cable  core  tubes 


1  dUic  o.  rvcouiio 

Core  Tube  OD 
mm  (in.) 

l/l  UAIVI  IMUM  »v>kw. 

Fiber  Count 

Number  of  Samples 
Tested 

Results  per  FOTP-82 

6.0  (0.236) 

12 

15 

All  samples  pass 

6.0  (0.236) 

24 

112 

All  samples  pass 

6.0  (0.236)  ” 

48  _ 1 

80 

All  samples  pass 

I  7.9(0.310) 

60 

116 

All  samples  pass 

7.9(0.310) 

144 

109 

All  samples  pass 

10.4  (0.410) 

156 

111 

All  samples  pass 

10.4  (0.410) 

216 

110 

All  samples  pass 

3.  Design  Qualification 

All  cables  in  the  family  have  passed  a  complete  series 
of  qualification  tests,  including  tests  of  optical 
performance  under  mechanical  loads  and  at 
temperature  extremes.  In  addition,  these  cables  have 
been  subjected  to  a  rigorous  battery  of  installation 
tests  that  simulate  both  standard  and  abusive 
installation  practices.  Performance  of  this  family  of 
cables  is  similar  to  or  better  than  comparable  filled 
cables.  Details  of  the  findings  follow. 

3.1.  Telcordia  Testing 

The  AccuRibbon®  DC  has  been  extensively  tested  in 
accordance  with  Telcordia  GR-20,  Generic 
Requirements  for  Optical  Fiber  and  Fiber  Optic  Cable 
-  Issue  2  ”  and  has  been  found  to  be  in  conformance 
with  the  waterblocking,  mechanical  and  environmental 
test  requirements. 

3.1 .1 .  Water  Penetration  Performance 

The  waterblocking  core  tape  in  this  new  design  family 
replaces  filling  compound.  The  core  tape  must  block 
water  penetration  within  the  central  core  tube  per 
Telcordia  GR-20  and  FOTP-82.  All  qualification 
cables  that  have  been  tested  pass  this  standards 
requirement.  However,  since  the  core  superabsorbent 
tape  is  required  to  block  water  penetration  within  a 
large  void  space  in  the  cable  core,  an  extended  series 
of  water  penetration  tests  were  performed  on  cable 
core  tubes  to  verify  the  waterblocking  performance.  A 
pressure-head  manifold  was  designed  to  allow  testing 
of  multiple  core  tube  samples  by  continuous  exposure 
of  the  samples  to  the  equivalent  of  a  1 -meter  pressure 
head.  Results  of  these  tests  are  given  above  in  Table 
3. 

3.1 .2.  Mechanical  Testing 

Numerous  metallic  and  dielectric  cables  with  the  new 
dry  core  design  have  been  qualified  to  the  mechanical 
requirements  of  Telcordia  GR-20.  Below,  in  Table  4, 
results  at  1550nm  are  presented  for  a  typical, 


representative  cable,  a  216-fiber  dielectric  cable  with 
an  18.5  mm  (0.710  inch)  outer  diameter.  As  shown  in 
Table  4,  for  this  cable,  median  and  maximum  added 
losses  are  both  much  less  than  is  allowed  under  the 
GR-20  standard. 

3.1.3.  Environmental  Testing 

Numerous  metallic  and  dielectric  dry  ribbon  cables 
have  also  been  qualified  to  the  environmental 
performance  requirements  of  Telcordia  GR-20.  To 
demonstrate  this,  results  for  a  48-fiber  metallic  cable 
with  an  outside  diameter  of  13.0  mm  (0.510  inch)  are 
used  as  an  example  of  typical  cable  performance.  Full 
test  results,  with  maximum  and  median  added  loss 
results,  are  presented  below  in  Table  5.  Results  of 
environmental  cycling  tests  are  illustrated  in  Figure  6, 
which  plots  the  maximum  added  attenuation  measured 
at  each  temperature  during  the  test.  Results  of  cable 
aging  tests  are  illustrated  in  Figure  7,  which  also 
shows  maximum  added  attenuation.  As  indicated  by 
the  data,  this  dry  48-fiber  cable  passes  the 
requirements  of  these  tests  by  a  wide  margin. 


0.160  i — - — - - - :  13, 

_  0.140 - m - -  - - - - : - - 

|  n  12n _ ■  1550  nm  [ 

%  0>12U  a  1310  nm 

0.100 - — - - - — X— maximum  allowable  \- 

'g  0.080  - * - : - “ 

’§  0.060  -  - - - - 4 - - 

®  0.040  - — 

3 
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Figure  6  -  Temperature  Cycling  Data 
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Attenuation  &db/km) 


Cable  Test 

Test  Level 

Requirement: 
Maximum  A 
Loss 

«ai  ■  couuy  rv 

Measured 

Maximum 

A  Loss 

m 

Requirement: 
Median  A 
Loss 

Measured 
Median  A 
Loss  (dB) 

Impact 

4  kg 

<0.15 

0.004 

<0.05 

-0  008 

Tensile  Load  &  Bend 

801  N 

<0.15 

0.027 

<0.05 

0.010 

High  Temperature  Bend 

60°C,  356  mm 

<0.15 

0.011  ^ 

<0.05 

-0.001 

Low  Temperature  Bend 

-30°C,  356mm 

<0.15 

0.020 

<0.05 

0.009 

Compression 

1 1 12  N 

<0.15 

0.011 

<0.05 

0.001 

Twist 

2  m,  180° 

<0.15 

0.022 

<0.05 

0.008 

Cyclic  Flex 

356  mm 

<0.15 

0.004 

<0.15 

-0.003 

Temperature  (°C) 

Figure  7  -  Cable  Aging  Data 

Measurements  of  added  attenuation  taken  at  — 60°C 
during  the  environmental  cycling  test  are  also  included 
in  Table  5  and  Figure  6.  Although  no  requirements 


currently  exist  for  this  temperature,  the  median  loss  is 
similar  to  that  observed  at  -40°C,  and  the  maximum 
loss  is  less  than  the  maximum  allowed  by  the  standard 
at  -40°C.  This  response  is  characteristically  not 
observed  in  cables  containing  filling  compound.  At 
low  temperatures,  filling  compounds  typically  become 
highly  viscous,  generally  resulting  in  significant 
attenuation  losses 

3.2.  Installation  Simulation  Testing 

The  installation  performance  of  multiple  dry  ribbon 
cables  has  been  evaluated  at  OFS’  installation 
simulation  test  facility  in  Chester,  NJ.  The  testing 
emulates  both  standard  and  abusive  field  installation 
practices.  Although  no  standards  body  requires  these 
tests,  they  do  provide  valuable  information  on  the 
“real  world”  performance  of  these  dry  outside  plant 
cables.  Table  6  summarizes  the  tests  performed. 


Table  5  -  Typical  Environmental  Maximum  and  Median  Values 


Test 

Temperature  (°C) 

- - - . . —  -unMiiMm  mi m  iticuiqn  vamt;: 

A  Loss  (dB/km) 

Temperature  Cycling 

Cable  Aging 

Median 

Maximum 

Median 

- - id _ 

Maximum 

-60 

0.007 

0.143 

_ 

-40 

0.001 

0.051 

0.018 

0.116 

23 

— 

— 

0.005 

0.015 

70  ~i 

0.004 

0.012 

0.006 

0.015 

85 

— 

_ 

0.008 

0.017 
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Table  6.  Installation  Simulation  Tests 


Test 

Description 

Initial  attenuation  measurement 

Pre-test  baseline 

Pulling  grip 

Determine  performance  of  pulling  grips 

Cable  jetting 

Determine  cable  jettability  in  underground  duct 

Determine  cable  behavior  during  underground  placing 

Pull  cable  around  quadrant  block  and  various  sheaves 

Capstan  Assist 

Determine  performance  on  intermediate  capstan  assist  winch 

Aerial  Coiling 

Attenuation  performance  in  coils 

Direct  Buried  Plowing 

Performance  during  plowing  operation 

Abusive  Tests 

Truck  run-over,  cable  kinking 

Final  attenuation  measurement 

Comparison  to  baseline 

Ultimate  strength  tests 

Attenuation  at  ultimate  tensile  load 

Sheath  Dissection 

Evaluate  internal  components  for  test-related  damage 

Ribbon  Inspection 

Evaluate  ribbons  for  test-related  damage 

Table  7  displays  results  of  installation  simulation  tests 
for  three  representative  dry  central-core  ribbon  cables: 
a  48-fiber,  13.0  mm  (0.510  inch)  outer  diameter 
dielectric  cable;  a  60-fiber,  16.5  mm  (0.610  in.)  outer 


diameter  metallic  cable;  and  a  216-fiber,  18.0  mm 
(0.710  inch)  outer  diameter  metallic  cable.  The  results 
are  excellent,  even  in  abusive  tests  performed  beyond 
accepted  practice. 


Table  7  -  Results  of  Installation  Simulation  Tests  for  Three 
_ Representative  Dry  Ribbon  Cables _ 


Test 

Maximum  residual  attenuation  (dB) 

48-fiber 

dielectric 

60-fiber 

metallic 

216-fiber 

dielectric 

Coiling  tests 

Foldover  method  (18"  dia) 

0.07 

-0.05 

0.08 

Tear  drop  method  (24"  dia) 

0.10 

0.13 

-0.08 

Garden  hose  (18"  dia) 

0.11 

-0.04 

0.12 

Iterative  capstan  (10  pulls) 

Maximum  A  attenuation  (< dB/km ) 

0.01 

0.02 

0.01 

Intermediate  capstan 

7  wraps  w/70ft  slack 

-0.01 

0.07 

0.07 

2-2-3  wraps  w/25ft  slack 

0.04 

-0.03 

-0.09 

7  wraps,  1  at  a  time  w/15ft  slack 

0.01 

0.09 

0.09 

Tension  &  bending  (non-abusive) 

600  lb  @  12  inch  radius 

0.04 

0.06 

-0.14 

Tension  &  bending  (abusive) 

600  lb  @  4  inch  radius 

0.05 

0.04 

0.04 

Cable  jetting  -  3  loops  attempted 

Maximum  blowning  distance  (m[  ft]) 

1 "  innerduct 

4360(1330) 

NA 

NA 

1%"  innerduct 

4360(1330) 

NA 

4358  (1242) 
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Table  8  -  Performance  Specification  for 
Dry  Central  Core  Cables 


Tensile  Strength: 

2670  N  (600  lb.) 

Temperature  Range: 

Operation: 

-40°C  to  70°C  (-40°F  to  158°F) 

Installation: 

-30°C  to  60°C  (-22°F  to  140°F) 

Storage/Shipping: 

-40°C  to  75°C  (-40°F  to  167°F) 

Bending  Diameter: 

No  load  -  20  times  cable  diameter 

Loaded  -  40  times  cable  diameter 

3.3.  Performance  Specifications 

The  performance  specifications  for  this  family  of  dry 
ribbon  cables  are  identical  to  those  for  similar  filled 
central  core  cables.  All  cables  in  this  new  family  meet 
the  specification  shown  above  in  Table  8,  as  required 
by  Telcordia  GR-20  for  the  North  American  market. 

4.  Benefits  for  Service  Providers 

With  complete  elimination  of  filling  compound,  this 
family  of  dry  ribbon  cables  has  many  attractive 
features  that  afford  service  providers  significant 
savings  in  installation  time  and  costs.  Removal  of 
filling  compound  allows  rapid  access  to  fibers  and 
reduced  splice  preparation  time.  The  design  also 
provides  substantial  reductions  in  weight  that  result  in 
installation  advantages. 

4.1  Weight 

In  typical  central  core  cable  designs  with  216  fibers  or 
less,  the  filling  compound  contributes  approximately 
10  to  20  percent  of  the  total  weight  of  the  cable. 
Reducing  the  weight  of  cables  through  removal  of  the 
filling  compound  provides  several  benefits.  Shipping 
is  simplified,  and  cables  are  easier  to  handle  and 
manipulate.  Cost  savings  due  to  weight  reduction  can 
be  realized  in  installation.  Compared  to  similar  filled 
cables,  these  dry  ribbon  cables  can  achieve  longer 
distances  in  cable  jetting,  as  described  in  a  companion 
paper  [12].  In  addition,  capstan-pull  installation 
simulation  tests  have  found  that,  compared  to  filled 
cables,  reduced  loads  are  required  to  install  these  dry 
cables  in  underground  duct.  Therefore,  the  reduced 
weight  of  the  design  can  translate  into  longer  cable 
pulls  or  blows,  reducing  the  overall  time  and  cost 
required  for  installation  of  a  given  cable  route. 

4.2  Reduced  Splice  Preparation 
Time 

The  most  significant  cost  savings  that  a  service 
provider  may  realize  through  deployment  of  these  dry 
ribbon  cables  results  from  time  savings  during  splice 
preparation.  To  quantify  this,  a  trial  splicing 
simulation  has  been  performed,  comparing  a  108-fiber 


metallic  dry  ribbon  cable  with  a  metallic,  grease-filled, 
central  core  ribbon  cable  with  an  identical  fiber  count. 
The  trial  was  performed  by  qualified  installation 
trainers  in  a  controlled  environment.  The  time 
required  to  prepare  the  end  of  each  cable  for  splicing 
was  measured.  Results  of  the  trial  are  illustrated 
below  in  Figure  8.  The  full  end  preparation  time  for 
the  dry  ribbon  cable  was  approximately  414  minutes, 
as  compared  to  approximately  30!4  minutes  for  the 
filled  cable.  In  this  model  experiment,  use  of  the  dry 
cable  led  to  a  time  savings  of  over  85%.  Looking  at 
Figure  8,  it  can  be  seen  that  cleaning  of  ribbons  and 
cleaning  of  tools  and  hands  accounts  for  the  majority 
of  the  time  required  for  preparation  of  the  filled  cable. 

Using  the  results  of  the  time  study  described  above, 
the  cost  savings  due  to  deployment  of  these  dry  ribbon 
cables  may  be  modeled  for  a  typical  long-haul 
installation  scenario.  The  assumptions  made  in  these 
calculations  are  shown  in  Table  9. 


Table  9  -  Installation  Scenario 
_ Assumptions _ 


Fiber  count 

108 

Length  of  route 

160.9km  (100  miles) 

Length  of  cable  per  reel 

6.4km  (4  miles) 

Length  of  work  day 

6  hours 

Along  the  intended  route,  there  would  be  a  total  of  25 
splices,  therefore  a  total  of  50  cable  ends  to  be 
prepared  for  splicing.  Based  on  the  model  time  study, 
the  time  savings  resulting  from  use  of  the  dry  ribbon 
cable  is  assumed  to  be  26  minutes  per  cable  end 
preparation.  Therefore,  the  total  time  savings  realized 
during  installation  of  this  route  would  be  22  hours,  or 
3.6  days.  To  put  this  into  perspective,  the  total  time 
required  for  cable  end  preparation  with  dry  ribbon 
cables  would  be  VA  hours,  roughly  %  work  day.  The 
total  time  required  for  end  preparation  of  conventional 
grease-filled  cables  is  25  hours,  approximately  4.2 
workdays. 
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Dry  1 08-f  Metallic  Filled  1 08-f  Metallic 


Figure  8  -  Splice  Preparation  Comparison 


4.3  Cleanliness 

In  addition  to  the  time  savings  realized  in  cable  end 
preparation,  the  removal  of  filling  compound  also 
provides  significant  housekeeping  advantages  in  the 
field.  Filling  compounds  are  typically  messy  and 
sticky,  and  tend  to  contaminate  splice  trays,  other 
areas  of  closures,  tools,  splicing  equipment,  test 
equipment,  work  areas  and  clothing.  Specialized 
solvents  are  generally  required  for  cleaning  or  removal 
of  filling  compounds.  Contamination  with  gel  can 
affect  long-term  reliability  of  splicing  and  test 
equipment.  Removal  of  filling  compounds  eliminates 
all  of  these  concerns.  Also,  during  fusion  splicing, 
residual  filling  compound  on  fibers  can  cause  splicing 
defects  that  could  require  additional  unwanted  rework. 

5.  Conclusions 

This  paper  describes  the  performance  of  a  new  family 
of  totally  dry,  central  core  ribbon  cables  that  contain 
no  filling  compounds  or  gels.  The  design  is  available 
in  both  metallic  and  dielectric  sheaths,  with  fiber 
counts  ranging  from  12  to  216.  All  cables  in  the 
family  are  folly  compliant  with  all  requirements  of 
Telcordia  GR-20,  including  requirements  for  water 
penetration,  mechanical  performance,  and 
environmental  performance.  A  series  of  installation 
simulation  tests  has  demonstrated  that  the  field 
performance  of  these  cables  is  equivalent  to  or  better 
than  that  of  comparable  filled  cables.  The  cables  have 
been  carefully  engineered  to  eliminate  the  need  for 
painstaking  cleaning  of  ribbons.  A  time  study  has 


demonstrated  that,  for  these  dry  ribbon  cables,  end 
preparation  for  splicing  can  be  accomplished  much 
more  quickly  than  with  comparable  filled  cables.  This 
allows  telecommunications  service  providers 
significant  savings  in  both  installation  time  and 
expense. 
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Abstract 

New  lightweight,  buffered  and  stabilized  non-metallic  fiber  optic 
cable  designs  for  several  end  use  applications  have  been  studied. 
The  development  is  based  on  the  use  of  advanced  plastic  materials 
and  multilayer  extrusion  for  processing  different  thermoplastic 
materials  simultaneously  as  described  earlier  [1].  The  aim  has 
been  to  make  compact  non-metallic  cables  or  cable  modules  based 
on  coextruded  multilayer  constructions. 

The  current  non-metallic  fiber  optic  cable  designs  are  composed 
of  several  discrete  elements  set  around  the  plastic  buffer  tubes 
such  as  reinforcing  aramide  fibers,  composite  strength  members, 
water-blocking  tapes,  flooding  compounds,  binding  yams,  outer 
jacket  etc.  We  have  developed  novel  cable  concepts  to  simplify 
and  find  better  possibilities  for  easier  customizing  of  the  cable 
designs.  The  idea  is  to  use  special  thermoplastic  polymers  or 
compounds  exhibiting  appropriate  functional  properties  such  as 
high  strength  and  stiffness,  low  moisture  permeability,  fire 
retardance,  wear  resistance  etc.  as  thin  layers  coextruded  in  one 
processing  step.  Combination  of  these  functional  layers  is  made 
by  co-extrusion,  typically  using  a  special  cone  extrusion 
technique. 

The  paper  discusses  basic  physical  properties  like  tensile  strength, 
crush  resistance,  thermal  stability  and  barrier  properties  for  some 
different  non-metallic  cable  designs.  The  aim  was  to  utilize 
multilayer  extrusion  and  control  the  fiber  orientation  of  the 
stabilizing  layer  made  of  liquid  crystalline  polymer  (LCP).  These 
example  cables  can  be  used  in  access  networks  or  as  cable 
modules  in  central  loose  tube  or  stranded  cables. 

Keywords 

Self-reinforcing  polymers;  Liquid  Crystalline  Polymers  (LCP); 
Multilayer  extrusion;  Cone  extruder;  Helical  orientation;  Rotating 
tools;  Non-metallic;  Thermally  stabilized;  Lightweight  cable 


1.  Introduction 

The  focus  of  this  paper  is  on  the  development  of  small,  non- 
metallic  lightweight,  high-fiber-density  fiber  optic  cable 
constructions  [1].  They  seem  to  be  attractive  either  to  be  used  as 
cables  as  such  or  to  serve  as  highly  protective  modules  in  bigger 
cables  for  special  applications.  One  of  the  main  targets  was  to 
create  a  small,  blown-in-tube  cable  with  relatively  high  fiber 
count,  having  proper  flexibility  but  still  maintaining  the  stiffness, 
thermal  stability  and  resistance  against  harsh  environmental 
conditions  [2].  Other  important  characteristics,  required 
increasingly  for  modem  non-metallic  cables,  include  e.g.  low 
friction  coefficient  or  other  surface  properties  depending  on  the 
installation  method  to  be  used,  flame  retardance  and  resistance  to 
moisture  or  chemicals.  All  these  topics  were  investigated  in  this 
study.  In  particular,  the  aim  was  to  study  the  feasibility  to  use 
extrudable  reinforcing  materials  as  part  of  a  coextruded  multilayer 
jacket  to  gain  or  improve  these  properties. 

In  such  non-metallic  fiber  optic  cables  maybe  the  most 
challenging  task  is  to  create  the  required  mechanical  strength  and 
thermal  stability  with  an  extrudable  material.  This  is  possible  by 
using  so  called  self-reinforcing  polymers,  in  other  words  liquid 
crystalline  polymers  (LCP).  These  special  polymers  can  be  melted 
and  extruded  like  thermoplastics,  but  due  to  their  high  molecular 
order  they  tend  to  form  a  composite-like  fiber-reinforced  structure 
when  solidified.  Thanks  to  this  structure  and  the  chemical 
composition  LCPs  show  a  range  of  attractive  properties.  High 
mechanical  strength  and  stiffness,  very  low  thermal  expansion 
coefficient,  good  moisture  barrier  and  resistance  to  chemicals, 
thermal  stability  etc.  are  attractive  properties  for  fiber  optic  cables 
to  create  the  mechanical,  thermal  and  dimensional  stability. 
However,  processing  and  controlling  of  the  properties  of  LCP  is 
not  easy,  since  the  properties  are  highly  anisotropic.  Normal 
extrusion  results  in  axial  fiber  orientation  and  high  stiffness,  but 
brittleness  in  bending.  We  have  developed  special  processing 
techniques  to  control  the  fiber  orientation  and  create  more 
balanced  physical  properties  for  the  LCP  layer  (lamellar  layered 
structure,  high  degree  of  fibrillation,  helical  fiber  orientation). 
This  paper  reports  some  of  the  results  of  our  basic  studies  made  to 
develop  the  non-metallic  lightweight  fiber  optic  cables  and  shows 
some  examples  of  such  cables  with  balanced  properties. 
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2.  About  LCPs 

Thermotropic  main-chain  liquid  crystalline  polymers  (LCPs)  are 
very  special  melt-processable  polymeric  materials.  When  melted 
they  exist  in  so  called  liquid  crystalline  state,  which  means  that 
the  polymer  chains  are  highly  ordered  already  in  the  melt  phase. 
By  chemical  nature  they  are  typically  polyesters  or  polyamides, 
but  due  to  their  rigid,  mostly  linear  molecular  chain  structure  and 
rather  high  degree  of  aromatic  groups  they  differ  a  lot  from 
conventional  thermoplastic  polymers.  One  of  the  most  interesting 
features  of  LCPs  is  their  special  composite-like  structure,  which  is 
the  basis  for  their  excellent  mechanical  properties  even  as  thin 
layers.  Due  to  this  highly  ordered  internal  structure  these  materials 
are  also  called  self-reinforcing  polymers.  In  addition  to  high 
mechanical  strength  and  stiffness  LCPs  have  several  other 
attractive  properties  such  as  good  dimensional  stability  (very  low 
thermal  expansion  coefficient  and  shrinkage  during 
solidification),  good  resistance  to  high  temperatures,  moisture 
penetration  and  several  chemicals. 

In  addition  melting  of  the  material  occurs  rapidly,  the  melt 
viscosity  is  low  and  melt  strength  high  giving  good  basis  for 
different  melt  processing  techniques.  However,  processing  of 
these  special  materials  is  not  straightforward.  The  good  material 
properties  are  achieved  by  the  highly  ordered  composite-like 
structure,  which  in  turn  is  very  dependant  on  the  way  of 
processing.  During  processing  the  LCP  melt  must  be  well  oriented 
by  high  longitudinal  or  shear  forces  to  be  able  to  fibrillate  the 
material.  In  normal  extrusion  drawing  of  the  product  easily  creates 
highly  fibrillated  material,  but  due  to  the  axial  orientation,  the 
material  has  very  anisotropic  properties  (high  strength  and 
stiffness  in  axial  direction,  but  poor  bending  properties). 
Controlling  the  fiber  orientation  is  thus  the  key  for  balanced 
properties  in  extruded  products  [3,4]. 

For  small  lightweight  fiber  optic  cables  the  properties  of  LCPs  are 
promising,  in  particular  to  achieve  the  required  mechanical  and 
thermal  stability. 

3.  Multilayer  Extrusion 

When  processing  LCP  materials  for  cable  manufacturing  benefits 
of  multi-layer  extrusion  are  apparent.  Supporting  layers  consisting 
of  other  thermoplastic  polymers  can  be  applied  to  allow  the  use  of 
even  very  thin  layers  of  LCP,  where  needed.  Thicker  layers  of 
tough  or  more  flexible  materials  around  functional  polymers  like 
LCP  or  other  special  polymers  may  also  help  for  example  to 
compensate  the  brittleness  of  these  special  layers. 

Coextrusion  may  basically  ease  the  extrusion  (draw-down 
process)  of  LCP,  which  normally  exhibits  very  low  melt  viscosity. 
On  the  other  hand,  incorporating  several  different  polymers  in 
molten  state  to  rather  thin  multilayer  construction  is  very  sensitive 
and  may  lead  to  several  other  difficulties.  Hence,  the  materials  to 
be  combined  must  be  compatible  with  each  other  in  terms  of 


chemical  nature,  temperature  range  and  melt  rheology.  In 
addition,  the  processing  equipment  shall  be  well  designed  to  be 
able  to  make  multilayer  extrusion  with  such  special  polymers  in  a 
controlled  way. 

The  main  benefit  of  coextruded  multilayer  constructions  is  the 
possibility  to  combine  different  material  properties  into  a  compact 
product  design  and  to  make  the  whole  cable  in  fewer  process 
steps,  in  the  extreme  case  all  in  one  step. 

3.1  Cone  Extruder 

Cone  extrusion  is  an  advanced  extrusion  method  described  in 
detail  earlier  [1,5,6].  It  has  been  developed  for  optimal  processing 
of  thermoplastic  materials,  and  therefore  it  differs  from  traditional 
screw  extrusion  significantly. 

The  main  components  of  the  cone  extruder  (Conex®)  are  a 
rotating  conical  screw  with  helical  channels  (rotor),  two  stationary 
cones  (stators),  one  on  either  side  of  the  rotor,  and  a  simple  die. 
Each  rotor  can  produce  two  layers,  and  multilayers  are  achieved 
by  adding  more  nested  stator/rotor/stator  combinations.  The 
extruder  used  in  this  work  has  two  rotors,  which  means  that  it  can 
produce  coextruded  multilayer  structures  with  1  to  4  layers.  All 
layers  are  seamless  since  the  material  flows  symmetrically  around 
the  core,  and  the  thickness  of  each  layer  can  be  controlled 
separately.  The  melt  processing  conditions  are  optimal  for 
thermoplastics  thanks  to  the  special  geometry  of  the  extruder 
(effective  melting,  short  residence  time,  low  shear  for  melt). 
Moreover,  the  cone  extruder  generates,  with  its  rotors,  a  helical 
flow  field  for  the  melt,  which  makes  it  easier  to  orientate  fibrous 
polymers  and  control  their  mechanical  properties  [1,5,6], 

As  a  versatile  processing  method,  cone  extrusion  offers  thus  a 
major  advantage  for  the  manufacture  of  non-metallic  fiber  optic 
cables:  a  wide  range  of  polymers  with  diverse  functional 
properties  can  be  processed  simultaneously  in  a  gentle  way  and 
combined  in  a  single  process  step.  Relatively  wide  variation  in 
layer  thicknesses  is  also  possible  which  allows  tailoring  of  the 
mechanical  properties  of  the  cables  without  significant  effect  on 
the  final  dimensions  [1]. 

3.2  Helical  Orientation  with  Rotating  Tooling 

Normal  extrusion  with  LCP  easily  leads  to  axial  (longitudinal) 
fiber  orientation.  The  rotors  of  the  cone  extruder  in  turn  create  a 
helical  flow  field  evidenced  earlier  with  e.g.  glass  fiber  reinforced 
thermoplastics  [5,7].  This  means  that  depending  on  the  die 
geometry  and  take-up  speed,  the  fiber-reinforced  material  has  at 
least  partially  helical  orientation  (in  the  middle  of  product)  at  the 
end  of  the  rotor,  while  the  surfaces  close  to  die  walls  very  easily 
tend  to  orient  axially.  This  is  the  case  typically  in  cable  extrusion. 
With  higher  take-up  speeds  the  fibrillation  of  LCP  can  be  further 
increased,  which  improves  the  mechanical  properties  of  the  LCP 
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layer.  The  axial  fiber  orientation  results  in  high  stiffness  and 
tensile  strength,  but  makes  the  tube  very  sensitive  against  bending 
and  crush.  To  overcome  this  inconvenience,  a  rotating  tip  was 
introduced  in  this  work  to  create  helical  orientation  in  the  self- 
fibrillating  polymer  layer.  This  improved  evidently  the  bending 
behavior  of  the  cable  generating  not  only  helical  orientation  but 
also  a  lamellar  layered  structure  in  the  innermost  layer  (LCP)  of 
the  sheath.  This  kind  of  gradual  variation  in  the  fiber  orientation 
of  the  thin  LCP  layer  results  in  balanced  mechanical  properties. 

For  thicker  LCP  layers  and  other  applications  efficient  orientation 
of  the  whole  layer  may  require  also  the  use  of  a  rotating  die. 
When  the  tip  and  the  die  are  rotated  separately  and  independently 
it  gives  freedom  to  orient  the  whole  multi-layer  structure  either  in 
uniform  helical  angle,  in  different  angles  from  inside  out  or  in  a 
cross-plied  manner. 

4.  Cable  Constructions 


The  main  focus  of  the  work  reported  here  was  to  study  the 
feasibility  of  LCP  as  the  stabilizing  component  for  the  non- 
metallic  lightweight  fiber  optic  cables.  Particular  attention  was 


paid  to  the  control  the  extrusion  conditions  and  especially  the 
fiber  orientation  of  the  LCP  layer.  Therefore  the  cable 
constructions  selected  for  this  study  were  rather  simple,  consisting 
basically  of  three  extruded  layers.  Based  on  this  basic  study, 
similar  or  slightly  modified  cable  designs  can  be  made  with 
different  material  combinations  depending  on  the  needs  of  each 
application,  as  described  earlier  [1]. 

Figure  1  shows  examples  of  the  cable  constructions  made.  The 
two  upper  cables  show  the  difference  in  the  internal  orientation  of 
the  LCP  layer  in  the  test  cables.  The  lowest  drawing  present  an 
indoor/outdoor  access  cable  with  additional  halogen-free  flame- 
retardant  (HFFR)  jacket.  The  outer  diameter  of  these  small-size 
non-metallic  multilayer  cables  typically  range  from  3  to  5  mm  and 
fiber  count  from  6  to  48  fibers.  The  highest  fiber  density  used  here 
was  2.8  fibers  per  mm2  of  the  cable’s  cross  section. 

These  cables  are  thought  to  be  suitable  e.g.  for  access  networks  or 
LAN  installations  made  by  blowing  into  tubes  or  to  be  placed  in 
ducts.  Due  to  their  good  thermal  stability  and  fair  mechanical 
strength  they  are  considered  to  withstand  even  the  harsh  Nordic 
climate  and  environment.  Other  possible  applications  of  use  and 
other  evolved  designs  of  the  same  principle  are  discussed  below. 
The  targeted  properties  are  generally  described  in  Table  1. 


Figure  1 .  Schematic  drawings  of  typical  cable  constructions. 


Table  1 .  Targeted  properties  for  the  lightweight  cables  with  1 2  to  48  fibers  [11. 


Property 

12/24  Fiber  Cable 

48  Fiber  Cable 

Criteria 

Tensile  strength 

100- 500  N 

500- 1000  N 

allowed  strain  of  the  fibers  up  to  0.3% 

Minimum  bending  radius 

25  mm 

40  mm 

with  no  damage  to  the  components 

Temperature  range 

-40-  +70  °C 

-40  -  +70  °C 

max.  allowed  attenuation  increase  <  0.05  dB/km 

Crush  resistance 

500-  1000  N/lOOmm 

500 -2000  N/lOOmm 

with  no  damage  to  the  components 

Maximum  weight 

<  10  kg/km 

<25  kg/km 

Maximum  diameter 

<  4  mm 

<  6  mm 
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Table  2.  Description  of  the  test  cables. 


No. 

Layer 

1 

Layer 

2 

Layer 

3 

d 

(mm) 

Fiber 

count 

Note 

#0 

PBT 

PA 

HDPE 

3.8 

12F 

Reference  (without  LCP) 

#1 

PBT 

LCP 

PA 

3.8 

12F 

Axial  orientation 

#2 

PBT 

LCP 

PA 

4.1 

12F 

Helical  orientation 

#3 

PBT 

LCP 

PA 

4.1 

6F 

Helical  orientation 

#4 

PBT 

LCP 

PA 

4.1 

24F 

Compact  design,  Helical  orientation 

#5 

PBT 

LCP 

PA 

4.7 

48F 

Compact  design,  Axial  orientation 

#6 

PBT 

LCP 

PA 

4.7 

48F 

Compact  design,  Helical  orientation 

Detailed  descriptions  of  the  cable  designs  studied  are  shown  in 
Table  2.  For  this  study,  PBT  loose  tubes  with  optical  fibers  and 
filling  gel  were  coated  with  a  two-layer  jacket.  The  LCP  layer  is 
naturally  the  most  important  and  critical  one  in  these 
constructions  in  terms  of  final  cable  properties  and  processing. 
The  idea  was  to  extrude  thin  layers  (about  0.1 -0.3  mm)  of  LCP 
together  with  slightly  thicker  jacket  and  to  vary  the  orientation 
angle  of  the  LCP  fibrils.  In  this  case,  a  special  polyamide  was 
selected  as  the  outer  layer  to  give  a  tough  enough  outer  jacket 
complementing  well  the  properties  of  the  LCP.  This  kind  of 
cables  were  considered  to  be  the  most  suitable  for  evaluating  the 
feasibility  of  self-reinforcing  polymers  and  the  effects  of  different 
fiber  orientation  angles  on  cable  properties. 

A  reference  cable  (Sample  #0)  was  made  without  LCP.  All  other 
versions  contained  the  same  materials  (PBT//LCP/PA).  Individual 
layer  thicknesses  were  varied  to  some  extent.  The  thickness  of  the 
LCP  layer  was  varied  within  the  range  of  0.1 -0.3  mm.  The  main 
aim  was  however  to  study  the  effects  of  different  fiber  orientation 
on  the  mechanical  properties  and  temperature  stability  of  the  test 
cables.  Therefore  similar  cables  were  made  both  using  the  rotating 
tooling  and  without  it.  In  the  previous  case  helical  orientation 
field  could  be  created  in  the  thin  LCP  layer  while  the  latter  one 
showed  purely  axial  fiber  orientation,  as  indicated  by  the 
schematic  drawings  in  Figure  1 . 

The  reason  to  make  the  PBT  loose  tubes  separately  with  a  normal 
central  loose  tube  line  was  that  sufficent  number  of  fiber  pay-offs 
to  run  the  cables  with  higher  fiber  counts  (24/48F)  were  not 
available  at  the  present  Conex  line.  Therefore  all  different 
constructions  studied  here  were  decided  to  make  in  the  same  way. 
This  gives,  of  course,  an  opportunity  to  have  even  five  layer 
constructions.  On  the  other  hand  due  to  the  high  fiber  density, 
very  small  size  and  thin  walls  of  the  tubes  one  extra  winding  and 
stocking  on  a  spool  could  be  a  risk  to  the  final  cable  quality.  The 
cone  extruder  itself  is  suitable  for  processing  optical  fibers  and  gel 
with  four  polymer  layers  in  one  step,  thus  giving  better 
opportunities  to  vary  the  thickness  and  material  of  the  innermost 
layer  and  to  control  e.g.  excess  fiber  length  [1], 


5.  Test  Results 

5.1  Test  Procedures 

Basic  tests  were  made  according  to  IEC  60794-1-2  to  distinguish 
the  effects  of  different  process  configurations  and  to  verify  the 
main  properties  of  the  test  cables  and  their  feasibility  for  the 
intended  applications.  Temperature  cycling  (Method  FI),  Tensile 
test  (Method  El),  Crush  test  (Method  E3),  Impact  tests  (Method 
E4)  and  Kink  test  (Method  E10)  were  made  on  the  test  cables 
described  in  Table  2.  Temperature  cycle  test  was  not  made  for 
cables  3  and  5  due  to  too  small  length  of  sample  available. 

The  test  criteria  for  particular  cables  are  commonly  described  in 
the  corresponding  cable  standards.  In  the  case  of  completely  new 
constructions  there  are  no  applicable  standards  available  and  the 
criteria  are  based  on  the  use  and  installation  circumstances  of  the 
cable.  Here  we  compare  the  test  results  to  the  targeted  properties 
of  Table  1  and  a  new  standard  draft  for  small  cables  used  in 
blowing  installations  [8],  Generally  the  tests  were  carried  out  by 
following  changes  in  attenuation  of  the  optical  fibers  and  the 
appearance  of  any  physical  damages  to  the  construction  during  the 
test.  The  basic  idea  was  to  study,  how  well  this  lightweight  cable 
construction  can  protect  the  optical  fibers  in  different  installation 
environment.  Generation  of  the  LCP  fiber  orientation  was 
analyzed  with  an  optical  microscope  from  the  cable  samples. 

In  addition,  some  special  properties  like  surface  friction 
coefficient,  flame  retardancy  and  moisture  barrier  efficiency  were 
evaluated  on  some  selected  samples  considering  more  specific 
applications  of  the  lightweight  cable. 

One  aspect  became  very  clear  when  testing  this  type  of  cables: 
due  to  the  small  size  of  the  cables  and  very  high  fiber  density  they 
were  rather  sensitive  both  in  their  optical  and  mechanical  behavior 
even  to  small  changes  in  dimensions  and  especially  to  variation  of 
the  excess  fiber  length  (EFL).  Similarly,  due  to  the  high  strength, 
i.e.  high  Young’s  modulus  of  the  LCP  compared  to  that  of  the 
other  polymer  layers  the  mechanical  performance  of  the  cable 
changed  rapidly  according  to  the  thickness  and  overall  cross 
sectional  variations  of  the  LCP. 


International  Wire  &  Cable  Symposium 


214 


Proceedings  of  the  51st  IWCS 


5.2  Mechanical  Properties 

Summary  of  the  mechanical  properties  of  the  test  cables  is 
presented  in  Table  3.  Results  of  the  tensile  tests  are  also  shown  in 
the  form  of  force  vs.  elongation  curves  in  Figure  2. 

A  reference  cable  manufactured  of  two  tough  engineering 
polymers  (PBT,  PA)  with  HDPE  outer  jacket  was  tested  just  for 
comparison  of  mechanical  and  thermal  properties.  All  other  test 
samples  contained  LCP  layers,  either  axially  or  helically  oriented. 
The  reference  cable  like  the  other  early  stage  samples  had 
relatively  modest  fiber  count  and  density.  Samples  from  #4  to  #6 
were,  like  targeted,  compact  high-fiber-density  cables. 

The  tensile  force  values  of  Table  3  and  the  curves  in  Figure  2  may 
give  at  first  look  somewhat  confusing  and  unrealistic  impression 
of  the  tensile  characteristics  of  the  cables.  Owing  to  the  small  size 
(thin  walls)  of  the  multi-layer  jacket  even  with  lower  fiber  counts 
its  strain  resistance  was  close  to  that  of  the  fibers,  in  some  cases 
even  smaller.  Thus  the  high  fiber  count  and  low  excess  fiber 
length  resulted  in  very  low  values  of  elongation  at  given  force, 
when  the  fibers  also  started  to  carry  the  load  soon  after  applying 
the  force.  This  has  to  be  considered  when  evaluating  the  curves  in 
the  Figure  2.  As  both  the  cable  and  fiber  strain  are  shown  this 
phenomena  is  however  clearly  visible. 

To  understand  the  reinforcing  effect  of  the  LCP  in  these  multi¬ 
layer  constructions  better,  the  influence  of  the  optical  fibers  can 
be  calculated  off.  Therefore,  the  Force/Strain  factors  (i.e.  an  extra 
force  needed  to  add  the  elongation  by  0.1%)  for  the  jackets  were 
defined.  This  gave  a  more  realistic  and  clearer  picture  of  the 
tensile  resistance  of  the  multilayer  jackets:  starting  from 
18N/0.1%  for  the  reference  cable  (#  0),  rising  to  40N/0.1%  for  the 
smaller  cables  (#2-4)  and  up  to  50N/0.1%  for  the  biggest  cables 
(#5  and  #6).  The  highest  value  80N/0.1%  was  measured  for 
Sample  #3  having  the  thickest  LCP  layer  (0.3  mm).  These  values 
were  quite  close  to  the  predicted  ones,  calculated  based  on  the 
Young’s  modulus  of  the  combined  multilayer  structure  consisting 


of  the  known  materials.  Of  course  in  real  installation  or  under 
other  tensile  stress  conditions  the  fibers  and  the  sheath  act 
together  to  resist  the  strain,  which  can  be  allowed  if  the  strain 
limit  defined  for  fibers  (e.g.  0.3%)  is  not  exceeded.  This  can  be 
reached  by  adjusting  a  proper  EFL  for  the  cable.  The  orientation 
direction,  axial  or  helical,  had  a  negligible  effect  on  the  Tensile 
Force/Strain  factor.  This  means  that  the  helical  orientation  created 
to  improve  bending  properties  did  not  reduce  the  axial  strength  of 
the  cables. 

In  evaluating  the  crush  resistance  of  the  cables  the  integrity  of  the 
components  during  and  after  the  applied  load  were  used  as  the 
main  criterion.  However,  also  attenuation  was  monitored  and  the 
reversibility  of  the  attenuation  was  required.  Generally  the  results 
met  well  the  targeted  values  (Table  1  and  [8]).  Helical  orientation 
seemed  to  improve  the  crush  resistance  to  some  extent.  The  high 
fiber  density  or  high  EFL  did  not  increase  fiber  attenuation.  In 
most  cases,  some  of  the  sheath  components  broke  or  gave  up  and 
larger  attenuation  rise  occurred  only  after  that. 

The  destructive  impact  energies  remained  low  through  all  samples 
tested.  This  was  mainly  due  to  the  small  size  and  layer  thickness 
of  the  test  cables  and  minimal  amount  of  impact  absorbing 
capacity  in  the  cable  construction  itself,  not  so  much  to  the 
materials  used.  However,  no  fiber  breaks  occurred.  Helical 
orientation  improved  the  impact  resistance  slightly  by  toughening 
the  LCP  layer,  but  its  effect  was  rather  small  due  to  the  extremely 
thin  layer. 

Minimum  bending  radius  increased  by  the  use  of  stiff  self 
reinforcing  polymer  compared  to  the  thermoplastic  reference, 
which  was  of  course  expected.  However,  the  use  of  helical 
orientation  led  to  clear  improvement  in  bending  performance  as 
targeted.  The  reduction  of  bending  radius  was  from  40  mm  (#1)  to 
25  mm  (#2)  for  the  smaller  cable  and  from  50  mm  (#5)  to  35  mm 
(#6)  for  the  bigger  48F  cable. 


Table  3.  Mechanical  properties  of  the  test  cables. 


No. 

Tensile  force  (N) 
at  0.4%  cable  strain 

Crush 

resistance  (N) 

Impact 
strength  (J) 

Minimum  bending 
radius  (mm) 

Temperature 

stability 

#0 

110 

1500 

>3 

15 

Fail 

#1 

180 

1500 

>3 

40 

Good 

#2 

180 

2500 

>4 

25 

Very  good 

#3 

350 

2500 

>4 

35 

Not  tested 

#4 

225 

1700  ^ 

>4 

35 

Good 

#5 

250 

1500 

>3 

50 

Not  tested 

#6 

325 

1500 

>4 

35 

Very  good 
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Figure  2.  Cable  and  fiber  elongation  vs.  tensile  force  for  some  test  cables 

(see  text  and  Table  2). 
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When  comparing  the  reinforced  cables  (#l-#6)  with  the  reference 
(#0)  we  can  notice  an  evident  rise  of  tensile  properties  by  a  factor 
from  2  up  to  5  depending  on  the  cross  sectional  area  of  LCP  used 
(changes  in  total  cross  sectional  area  are  considered).  The  effects 
on  crush  resistance  and  impact  strength  were  minor.  The 
minimum  bending  radius  increased,  but  thanks  to  the  controlled 
fiber  orientation  (Figure  3)  it  stayed  however  at  a  reasonable  level 
(8  to  12  times  the  cable  diameter)  meeting  the  requirements.  It 
should  be  noticed  that  the  unreinforced  reference  sample  did  not 
meet  the  performance  of  a  real  cable,  as  will  be  discussed  below. 


Figure  3.  Helical  orientation  of  the  LCP  layer 
(optical  micrograph,  longitudinal  cut). 

5.3  Temperature  Stability 

Like  in  tensile  tests  the  fiber  density  and  EFL  had  a  great  impact 
also  on  the  temperature  stability  of  the  cables.  When  the  packing 
density  is  high  i.e.  the  diameter  of  the  fiber  bundle  close  to  the 
inside  diameter  of  the  tube  and  the  EFL  is  positive,  the  fibers  are 
forced  to  take  a  tortuous  path  inside  the  tube.  This  creates  tight 
turns  and  small  bending  radii  for  the  fibers.  When  the  cable  is 
brought  to  lower  temperatures  there  always  occurs  unavoidable 
contraction,  growth  of  EFL,  further  bending  of  the  fibers  and 
finally  attenuation  losses  induced  by  macro-bending.  The 
differences  of  the  behavior  of  samples  in  Figure  4  can  be  mainly 
explained  by  different  EFL  level  of  the  tested  cables.  As  expected, 
the  unstabilized  reference  cable  (sample  #  0)  failed  totally,  owing 
to  the  relaxation  and  higher  coefficient  of  thermal  expansion  of 
the  normal  engineering  polymers.  This  happened  even  though  the 
packing  density  was  not  very  high  (12F  in  a  tube  with  2mm  inner 
diameter)  and  the  EFL  reasonably  low  (about  0.1%).  In  that 
respect  the  samples  stabilized  with  LCP  showed  their  superiority. 
Samples  #land  2  with  the  same  packing  density  withstood  harsh 
temperature  cycling  between  +80  and  -60°C  rather  well.  Even  the 
compact  cable  with  dense  packing  of  24  fibers  and  unnecessary 
high  EFL  (Sample  #4)  showed  still  tolerable  results.  In  general  the 
attenuation  increase  in  the  cables  stabilized  with  LCP  seems  to 
correlate  rather  with  high  EFL  than  anything  else.  As  a  summary 


we  can  say  that  LCP’s  capability  to  stabilize  these  lightweight, 
compact  cables  is  far  more  remarkable  than  its  reinforcing  ability, 
not  to  neglect  the  latter  either. 

5.4  Moisture  Barrier 

The  moisture  barrier  properties  of  the  LCP  material  were  studied 
separately  on  tube-like  samples  made  especially  for  that  test.  The 
aim  was  to  evaluate  the  moisture  penetration  rate  of  coextruded 
four-layer  tubes  consisting  of  PBT,  LCP,  adhesive  polymer,  and 
PA12  (outermost).  Reference  tubes  were  made,  in  which  high- 
density  polyethylene  (HDPE)  was  used  instead  of  LCP .  HDPE  is 
known  as  rather  effective  barrier  against  moisture  penetration. 

A  test  method  for  determining  the  water  permeability  of  the  cable 
sheath  according  to  telecommunication  cable  specification  KK 
70-163  (NKF,  internal  method)  was  applied.  In  the  test  dry 
nitrogen  gas  was  transferred  through  the  cable  sample  immersed 
in  a  water  bath.  The  moisture  content  was  measured  from 
outcoming  nitrogen  with  a  coulometric  hygrometer  and  translated 
into  the  Water  Vapor  Permeation  Rate  (WVPR).  Samples  with  a 
length  of  2  m  were  kept  in  the  water  bath  (60  °C)  for  24  h 
according  to  the  test  procedure.  Table  4  shows  the  results  of  two 
parallel  measurements  for  each  sample  and  the  outer  diameter  and 
layer  thicknesses  of  the  corresponding  tubes. 

Since  no  moisture  could  penetrate  the  sample  containing  LCP 
during  the  normal  test  period  (24  h),  the  test  was  extended  first  to 
48  h  and  finally  up  to  168  h  (one  week).  This  result  indicates  that 
the  LCP  layer  forms  an  effective  moisture  barrier  and  can  give 
thus  moisture  protection  to  optical  fibers  in  such  non-metallic 
lightweight  cables  discussed  above. 


Table  4.  Water  vapor  permeation  rate  (WVPR) 
results  for  four-layer  test  tubes. 


Thickness  of  layers  (mm) 

d 

WVPR 

1. 

2. 

3. 

4. 

(mm) 

g/lOOm/week 

PA12 

adh. 

PBT 

0.45 

0.17 

0.21 

0.55 

8.3 

0.0017 

HDPE 

0.0019 

0.28 

0.23 

0.45 

0.40 

9.6 

0.0015 

HDPE 

0.0015 

0.32 

0.22 

0.41 

0.44 

7.1 

0/0  (48h) 

LCP 

0(1 68h) 
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Figure  4.  Attenuation  vs.  temperature  during  temperature  cycling  for  test  cables  #1,2, 


4,  and  6. 
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6.  Other  Cable  Applications 

Besides  the  described  and  tested  designs  intended  mainly  for 
applications  in  access  networks  the  same  principle  of  multilayer 
process  with  controlled  orientation  can  be  utilized  for  other 
applications  as  well.  By  changing  the  outer  layer  material  to 
meet  the  designated  use,  several  other  installation  objects  and 
methods  can  be  reached.  Naturally,  thanks  to  their  compactness 
and  small  size  most  of  the  described  cable  designs  can  be  used 
also  as  modules  in  bigger  cables.  Both  central  loose  tube  and 
stranded  cables  are  possible  whenever  some  of  the  above 
mentioned  properties  are  needed  in  a  non-metallic  application. 
The  basic  structure,  the  lightweight  cable,  or  module,  gives  also 
certain  benefits  in  heavy  and  rough  further  cabling  processes, 
like  in  optical  ground  wires  and  submarine  cables,  just  to 
mention  a  few.  No  extra  processing  aids  or  reinforcements  are 
needed  because  the  structure  itself  is  mechanically  relatively 
strong  and  thermally  stable.  Likewise,  additional  protecting  or 
buffering  tapes  or  laminates  can  be  replaced  by  a  suitable 
polymeric  layers  in  the  multilayer  extrusion  itself. 

7.  Conclusions 

Non-metallic,  lightweight  fiber  optic  cables  with  high  fiber 
density  have  been  developed  based  on  coextruded  multilayer 
constructions.  In  this  study,  particular  attention  was  paid  to  the 
processing  of  the  liquid  crystalline  polymer  (LCP)  which  was 
used  as  the  stabilizing  layer  for  the  cables.  Rotating  tools  utilised 
with  the  cone  extruder  made  it  possible  to  control  the  orientation 
of  the  LCP  fibers.  As  a  result  lamellar,  well-fibrillated  LCP 
layers  were  created  with  helical  to  axial  orientation. 

The  compact  cables  with  controlled  orientation  showed  balanced 
mechanical  properties  and  good  temperature  stability  evidenced 
by  tensile,  crush,  impact  and  bending  tests,  and  temperature 
cycling.  Since  the  LCP  layers  applied  were  rather  thin,  the 
tensile  properties  were  not  as  high  as  targeted  for  the  48-fiber 
cables.  Temperature  stability,  in  turn,  was  good  for  both  the  24- 
and  4 8 -fiber  cables  with  high  fiber  density.  This  allowed  us  to 
make  these  constructions  even  smaller  than  planned.  As  the 
properties  of  the  studied  test  cables  were  well  predictable,  it 
seems  possible  to  develop  similar  constructions  with  higher  fiber 
counts  (60F/72F)  with  cable  outer  diameters  about  5  mm  /  5.5 
mm  and  to  withstand  tensions  about  400N  /  500N,  respectively. 

When  comparing  these  compact  cables  with  a  conventional 
compact  stranded  loose  tube  cable  presented  earlier  [9],  the 
stranded  cable  has,  of  course,  superior  tensile  strength  due  to  a 
sizeable  FRP  strength  member  and  the  stranded  structure  itself. 
The  benefits  of  the  compact  cables  are  however  clear:  about 
50%  reduction  in  diameter  and  weight,  less  processing  steps  and 
longer  production  lengths  thanks  to  the  smaller  size. 

The  novel  constructions  have  potential  for  several  applications, 
also  besides  the  aimed  access  and  premises  networks. 
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A  NEW  FILLING  CONCEPT  FOR  IMPROVED  OVERALL 
PERFORMANCE  OF  FIBER  OPTIC  CABLES 

Borje  Lindblom ,  Anders  Bjork  and  Mans  Isacsson 
Ericsson  Network  Technologies  AB,  Hudiksvall,  Sweden 


Abstract 

This  paper  demonstrates  a  new  concept  for  optical  cables 
with  loose  tubes,  DryTech™.  Instead  of  the  traditionally 
used  jelly  as  water  blocking  material,  a  foam-like 
thermoplastic  elastomer  (TPE-O)  is  used.  The  new  concept 
gives  a  more  user  and  environmental  friendly  cable,  since 
the  preparation  and  recycling  of  cables  with  the  new 
concept  is  simpler  and  involves  less  use  of  solvents. 
Replacing  jelly  with  TPE-0  between  the  tubes  also  further 
supports  the  cable  structure.  This  advantageous  extra 
support  can  be  used  either  to  decrease  the  cable 
dimensions  with  maintained  mechanical  properties,  or  to 
enhance  mechanical  properties  with  maintained 
dimensions.  In  the  work  of  developing  the  new  concept, 
several  cable  designs  have  been  evaluated.  This  includes 
cables  for  aerial,  duct  and  direct  burial  installation.  Field 
tests  have  been  performed  during  the  evaluation  process. 
The  conclusion  from  this  work  is  that  traditional  jelly  can 
be  replaced  with  TPE-0  as  a  filling  compound  for 
improved  mechanical,  manufacturing,  handling  and 
environmental  properties. 

Keywords 

Optical  cables,  water  blocking  material,  environmental 
friendly,  mechanical  properties,  dry  filling,  loose  tube 
design. 

1.  Introduction 

In  traditional  concentric  loose  tube  cables,  filling 
compound  (jelly)  or  swellable  tape  is  used  as  longitudinal 
water  blocking  material.  The  jelly  has  an  impact  on  the 
working  and  global  environment.  It  is  sticky  and  removing 
is  easiest  performed  with  some  sort  of  solvent.  Solvents 
evaporate  and  can  be  irritating  when  inhaled  or  in  contact 
with  the  skin.  Long  term  use  can  give  more  serious 
problems  as  for  example  eczema.  For  installers  and  test 
personnel  who  daily  open  and  prepare  cables  it  is  of  great 
interest  to  minimize  the  use  of  the  solvent  material  and 
also  the  jelly.  In  material  recycling  of  the  cables  the 
different  materials  have  to  be  separated.  Also  in  this 
process  jelly  filled  cables  must  be  cleaned  with  solvents. 


In  manufacturing  of  the  cable  types  with  jelly  or  swellable 
tape,  the  stranding  and  the  sheathing  are  commonly 
performed  in  separate  operations.  One  reason  for  this  is 
that  stranding  is  a  relatively  slow  process  and  if  an 
expensive  multi  operational  line  shall  be  economic  it  has 
to  be  relatively  fast. 


The  stranding  process  is  slower  than  the  sheathing 
because  that  in  a  concentric  loose  tube  cable  the  tubes 
have  to  be  kept  in  place  with  yam,  spun  with  a  relatively 
short  pitch.  Another  reason  that  the  traditional  design  is 
unsuitable  for  a  multioperational  line  is  the  difficulty  to 
stop  the  stranding  process  in  order  to  change  or  splice 
yams,  tape  etc.  Stopping  the  process  for  these  type  of 
reasons  is  not  an  option  if  sheathing  is  performed  in  the 
same  operation. 

The  main  driving  forces  to  develop  a  new  dry  filling 
concept  were  to  get  a  more  environmental  and  installation 
friendly  cable  and  also  to  shorten  the  time  to  manufacture 
the  products  by  performing  the  sheathing  and  stranding  in 
the  same  process. 

The  conclusion  from  this  work  is  that  traditional  jelly  can 
be  replaced  with  TPE-O  as  a  filling  compound  for 
improved  mechanical,  manufacturing,  handling  and 
environmental  properties.. 


Figure  1.  Schematic  picture  of  cable.  Dry  filled  area  is 
hatched. 
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2.  Materials  and  Process 


3.  Developed  Products 


2.1  Materials 

2.1.1  TPE-O 

The  material  used  instead  of  jelly  is  a  Thermo  Plastic 
Elastomer  -  Olefin  based  (TPE-O).  It  is  a  low  density 
compound  with  a  density  below  0.9  g/cm3.  Significant  for 
TPE  is  that  the  material  contains  hard  segments  (crystals) 
to  “cross-link”  the  molecules  and  soft  segments  to  make 
the  material  elastomeric.  The  hardness  of  the  material 
increases  with  the  number  hard  segments.  The  difference 
between  an  ordinary  rubber  material  and  the  TPE  is  that 
the  “hard  segments”  mechanically  cross-links  the  TPE  and 
therefore  it  can  be  melted  and  remelted.  The  following 
properties  of  the  TPE-O  further  make  it  suitable  as  a  dry 
filling  material. 

•  Foamability  and  high  melt  flow  rate:  TPE-O  has  a 
molecule  structure  that  makes  it  suitable  to  foam.  It 
also  easily  fills  the  interstices  in  the  cable  because  of 
its  high  melt  flow  rate,  which  gives  the  good  water 
blocking  characteristics. 


•  Adhesion :  TPE-O  is  olefin  based  which  gives  good 
adhesion  to  other  olefins.  The  material  used  in  this 
dry  filling  concept  has  a  lower  melting  point  than  the 
sheath  material,  polyethylene,  which  makes  the  two 
materials  to  weld,  in  the  sheathing  process. 
Consequently,  the  TPE-O  will  then  easily  be  removed 
together  with  the  cable  sheath.  The  loose  tubes  are 
then  exposed  and  ready  for  further  preparation. 

•  Mechanical  properties :  Foamed  TPE-O  is  relatively 
soft  and  distributes  compressive  loads,  which  protects 
the  loose  tubes.  It  is  also  easy  to  tear,  which  further 
simplifies  the  cable  preparation  (see  section  4  below). 

•  Environmental  impact:  The  material  does  not  contain 
any  hazardous  substances.  It  can  be  compared  to 
Polyethylene  in  respect  of  environmental  impact. 


2.1.2  Foaming  agent 


The  foaming  agent  is  a  hydrocarbon  gas  encapsulated  in 
small  polymer  spheres.  When  the  temperature  is  increased 
the  spheres  soften  and  the  gas  expands  with  at  maximum 
40  times  volume  increase.  This  gives  a  controlled  and 
predictable  foaming  process  and  a  closed  cell  structure, 
which  is  important  for  the  water  blocking  properties. 


2.2  Process 

With  the  new  dry  filling  concept  the  stranding,  filling  and 
sheathing  are  made  in  the  same  operation.  This  can  be 
performed  since  the  filling  material  is  used  to  keep  the 
tubes  in  the  in  the  SZ  position  and  therefore  no  yams  etc 
are  needed.  The  foaming  agent  is  added  to  get  the  dry 
filling  material  to  foam  with  a  50  %  volume  increase. 


The  new  dry  filling  concept  is  used  in  loose  tube  cables, 
where  the  TPE-O  has  replaced  jelly  to  fill  the  interstices 
between  the  tubes.  It  can  also  be  used  in  dielectric  cables 
for  direct  burial  applications,  in  which  the  TPE-O  is  used 
between  the  inner  and  outer  sheaths.  In  this  design  it 
replaces  the  traditional  corrugated  steel  tape  and  protects 
the  cable  from  radial  crush  and  impact  loads.  The  concept 
is  also  ideal  in  an  aerial  cable.  Thinner  tubes  can  be  used 
with  same  mechanical  characteristics  as  a  standard  cable, 
due  to  the  TPE-O.  As  a  consequence  it  is  possible  to  have 
smaller  cables  with  the  same  performance.  Smaller 
dimensions  and  lighter  cable  weights  gives  less  exposure 
to  wind  and  ice  loads.  In  developing  the  new  concept  the 
following  constructions  have  been  developed  and 
evaluated: 

•  Loose  tube  in  one  layer  (Fig.  2a):  The  duct  cable  with 
loose  tube  design  contains  up  to  1 6  tubes  in  one  layer 
stranded  around  a  central  strength  member.  All 
interstices  in  the  cable  core  are  filled  with  TPE-O  and 
the  cable  is  therefore  longitudinally  watertight. 

•  Loose  tube  in  two  layers  (Fig.  2b):  The  duct  cable 
with  two  layers  loose  tubes  contains  up  to  16  tubes  in 
the  outer  layer  and  10  tubes  in  the  inner.  Using  12 
fiber  tubes  the  maximum  fiber  count  is  312  fibers.  A 
PE  sheath  separates  the  tube  layers. 

•  Loose  tube  with  TPE-O  armoring  between  inner  and 
outer  sheath  (Fig.  2c):  In  the  direct  burial  cable, 
TPE-O  is  used  in  the  interstices  in  cable  core  and  as 
cushioning  between  inner  and  outer  sheath.  It  is 
designed  to  be  installed  in  macadam  along  railways. 
The  cable  is  longitudinal  watertight,  also  between 
inner  and  outer  sheath.  The  material  in  the  outer 
sheath  is  High  Density  Polyethylene. 

•  Aerial  loose  tube  with  ar amid  yarn  and  TPE-O  filling 
(Fig.  2d):  The  aerial  cable  contains  loose  tubes  and 
TPE-O  in  the  cable  core,  surrounded  by  aramide 
yams  and  an  outer  sheath  of  Polyethylene.  The 
concept  is  ideal  in  an  aerial  cable.  Thinner  tubes  can 
be  used  with  the  same  mechanical  characteristics  as  a 
standard  cable,  due  to  the  enhanced  mechanical 
properties  with  the  TPE-O.  As  a  consequence  it  is 
possible  to  have  smaller  cables  with  maintained 
mechanical  performance.  Smaller  dimensions  and 
lighter  cable  weight  gives  less  exposure  to  wind  and 
ice  loads.  Reduced  tensile  loads  also  results  in 
reduced  compressive  loads  in  the  cable  fittings. 
Another  advantage  in  an  aerial  cable  is  that  the  TPE- 
O  locks  the  tubes  in  the  SZ-shape,  even  when  the 
cable  is  exposed  to  heavy  loads. 
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Figure  2;  Developed  cable  constructions,  a)  One  layer 
loose  tube,  b)  Two  layer  loose  tube,  c)  Loose  tube  with 
TPE-O  armoring,  d)  Aerial 


4.  Tests  and  Results 

4.1  General 

All  the  developed  cable  constructions  described  in  section 
3,  developed  products,  have  been  manufactured  tested  and 
installed.  The  tests  have  been  general  type  testing 
including  the  tests  described  for  the  cables  in  the  next 
section.  All  designs  passed  qualification,  with  respect  to  its 
design  requirements.  During  these  tests  the  enhanced 
mechanical  performance  was  verified,  when  compared  to 
traditionally  jelly  filled  cables  with  similar  design.  In  order 
to  get  a  more  precise  estimate  of  how  much  more  crush 
load  a  design  with  TPE-0  can  withstand,  compared  to  the 
jelly  filled,  it  was  necessary  to  produce  two  nearly  exact 
(only  filling  material  differs)  same  designs.  Otherwise  the 


number  of  fibers  and  tubes,  sheath  thickness  etc  can  affect 
the  results.  The  tests  are  described  in  the  sections  below. 

4.2  Test  Cables 

Two  48  fiber  loose  tube  test  cables,  same  type  as  in  Fig.  2a 
were  produced.  The  only  difference  between  the  cables 
was  that  Cable  no.  1  was  filled  with  a  Polybutene  based 
jelly  and  Cable  no.  2  with  TPE-O. 

The  cables  were  developed  to  meet  the  requirements  in 
accordance  with  table  1 . 


Table  1;  Requirements  for  test  cables 


Tensile  load  (permanent) 

[kN] 

>1.5 

Tensile  load  (temporary) 

[kN] 

>2.5 

Crush  resistance  (100  mm  plate) 

[kN] 

>1.5 

Impact  resistance 

[J] 

>25 

Min  bending  radius 

[mm] 

>  150 

Water  penetration,  24  hours 

[m] 

<3 

Torsion 

[°/m] 

>360 

Repeated  bend 

[cycles] 

1000 

Temperature,  operating 

[°C] 

-40  to  +70 

The  cables  were  tested  according  to  the  international 
standard  IEC  60794-1  and  the  European  EN  187  000. 


4.3  Crush  test 

In  the  crush  test  a  plate  with  a  diameter  of  100  mm  was 
used  and  the  cables  were  exposed  to  increasing 
compressive  loads  until  a  significant  attenuation  could  be 
observed.  The  test  was  repeated  20  times  per  cable  and  the 
attenuation  at  the  wavelength  1550  nm  was  measured. 

Cable  no.  1  withstood  an  average  load  of  1.73  kN  and 
Cable  no.  2  an  average  load  of  2.86  kN.  Figure  3  shows 
the  number  of  samples  that  failed  at  each  load  in  the  test. 


Crush  Load  [kN] 


Figure  3;  Number  of  failured  samples  versus 
crush  load  for  the  tested  cables. 


4.4  Other  mechanical  and  environmental  tests 

The  other  tests  performed  on  the  cables  are  outlined  in 
Table  1.  These  tests  showed  no  significant  difference 
between  cable  no.  1  and  no.  2. 
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Table  2;  Mechanical  and  environmental  tests 
performed  on  the  cables. 


Parameter 

Cable  1 

Cable  2 

Tensile  load  (permanent) 

Passed 

Passed 

Tensile  load  (temporary) 

Passed 

Passed 

Impact  resistance 

Passed 

Passed 

Min  bending  radius 

Passed 

Passed 

Water  penetration,  24  hours 

Passed 

Passed 

Torsion 

Passed 

!  Passed 

Repeated  bend 

Passed 

Passed 

Temperature,  operating 

Passed 

Passed 

4.5  Cable  Handling 

45, 1  Preparation  of  cables  with  TPE-O  filling 
The  cables  with  TPE-0  filling  is  opened  easily  by  cutting 
longitudinally  on  both  sides  of  the  cable  and  pulling  the 
halves  of  the  sheath  apart.  Figs  4  and  5  show  how  this  has 
been  performed  on  a  one  and  a  two  layer  loose  tube  design 
respectively.  It  can  also  be  seen  how  the  foamed  TPE-0  is 
still  attached  to  the  outer  sheath  and  that  the  tubes  are 
exposed  and  ready  for  further  preparation. 


Figure  4;  Opened  one  layer  loose  tube  design 


Figure  5;  Opened  two  layer  loose  tube  design 


4.5.2  Comparison  of  preparation  time 
A  test  was  performed  to  compare  the  time  difference 
between  preparing  cables  with  traditional  jelly  and  TPE-O, 
during  field  installation  and  splicing.  The  same  cables 
(section  4.2)  as  for  the  mechanical  and  environmental  tests 
were  used.  The  test  included  removal  of  the  outer  sheath 
1800  mm,  and  separation  and  cleaning  of  the  tubes. 
Commercially  available  cable  installation  tools  were  used 
for  the  tests.  The  results  are  shown  in  Table  3,  below. 


Table  3;  Measured  preparation  time  for  the 
different  cable  samples. 


Cable  type 

Sample 

No. 

Time 

1 

1 

14.40  min 

1 

2 

15.10  min 

2 

1 

8.40  min 

2 

2 

8.20  min 

The  test  shows  that  there  is  a  lot  of  time  to  be  saved  in 
preparation  with  the  dry  filling  concept,  compared  to 
standard  cables  containing  filling  compound.  The  most 
time-consuming  task  for  the  traditional  cable  type  is  to 
remove  the  filling  compound  from  the  tubes.  Cable  1  took 
in  average  78  %  more  time  to  prepare.  The  relative  impact 
on  the  total  installation  time  depends  clearly  on  the 
number  of  fibers  to  be  spliced.  For  installation  of  low 
count  fiber  cables  and  in  mid-span  access  operation 
(independent  of  fiber  count  in  the  cable)  the  time  saving 
with  the  dry  concept  is  significant. 
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5.  Environmental  Impact 

5.1  Working  environment 

The  working  environment  is  improved  both  during 
manufacturing  and  installation  when  the  dry  filling 
concept  is  used,  since  the  sticky  jelly  is  difficult  to  handle 
and  remove.  The  main  advantage,  with  respect  to  working 
environment,  with  dry  filling  is  that  a  minimum  of  solvent 
is  needed  to  clean  the  cable  in  preparation,  during 
installation  or  testing. 

5.2  Environment 

The  environmental  impact  through  pollution  to  the  air  will 
decrease,  since  the  handling  and  use  of  solvent  to  remove 
the  jelly  is  not  necessary  with  the  dry  concept.  There  are 
several  methods  to  take  care  of  a  used  or  scrapped  optical 
cable.  One  alternative  is  energy  recovery,  i.e.  combustion 
of  the  whole  cable.  In  some  combustion  processes  of 
hazardous  waste  an  optical  cable  could  be  useful  since  the 
glass  binds  some  hazardous  chemical  substances.  Energy 
recovery  works  for  all  kind  of  optical  cables,  jelly  filled 
and  dry  filled.  Environmentally  it  is  preferable  with 
material  recycling.  Therefore  the  more  of  the  cable  that 
could  be  material  recycled  the  better. 

Today  there  are  techniques  to  material  recycle  dry  cable 
sheaths  and  energy  recovers  the  rest  of  the  cable.  In  the 
future  it  should  be  possible  to  material  recycle  more  parts 
of  the  cable,  for  instance  the  strength  member. 

A  requirement  for  material  recycling  is  that  the  materials 
in  a  cable  are  easy  to  separate.  In  a  dry  filled  cable  is  it 
easy  to  separate  the  materials  and  there  is  no  need  to  clean 
the  cable  parts  from  sticky  jelly.  A  jelly  filled  cable  can  be 
material  recycled,  but  it  is  very  costly  and  leads  to 
environmental  impact  since  the  material  must  be  cleaned 
with  solvents. 

6.  Field  Trials  and  Installations 

In  addition  to  the  qualification  program  consisting  of 
various  standardized  type  tests,  the  new  filling  concept  has 
also  been  tested  and  evaluated  in  field  trials  and  ’’sharp” 
installations.  The  installations  span  over  a  wide  range  of 
field  conditions  from  nearly  arctic  conditions  in  the  north 
part  of  Sweden  to  very  hot  environments  in  Saudi  Arabia. 
The  main  goals  of  these  field  trials  have  been  to  evaluate 
the  handleability  of  the  cables  and  to  verify  the  new  filling 
concept  for  different  field  conditions.  The  feed  back  from 
personnel  working  with  the  new  concept  in  the  field  has 
been  very  positive  in  terms  of  handleability  and  working 
environment,  as  well  as  the  overall  performance  of  the 
cables.  Examples  of  installations  in  terms  of  cable  design, 
installation  method,  environment  etc  are  presented  in 
Table  4. 


Table  4;  Examples  of  installed  cables/systems. 


Country/ 

Year 

Cable 

Design 

Route 

length 

Installation 

method 

Network 

type 

Sweden/ 

1998 

Loose  tube 

TPE-0 

armoring. 

One  layer, 

24  SM- 
fibers. 

(Fig.  2a) 

2  km 

Direct 

burial 

Transport 

UK/2001 

Loose  tube 
2-layer,  240 
SM-fibers 
(Fig.  2b) 

16  km 

Pulling 

Metro 

Saudi 

Arabia/ 

2001 

Loose  tube, 

TPE-0 

armoring 

24  SM- 
fibers 

90  km 

Direct 

burial 

Transport 

UAE/ 

2002 

Loose  tube 
One  layer, 

24  SM- 
fibers 
(Fig.  2a) 

34  km 

Pulling 

Metro 

New 

Zeeland/ 

2000 

Pulling  & 
Blowing 

Transport 

7.  Conclusion 

We  have  shown  that  traditional  jelly  can  be  replaced  with 
TPE-0  as  a  filling  compound  in  loose  tube  cables  for 
various  applications.  The  new  concept  has  proven  superior 
to  jelly  filled  cables  in  many  respects  because: 

•  It’s  more  user  and  environmental  friendly. 

•  Its  faster  to  prepare  for  splicing,  testing  and  mid-span 
access. 

•  Slippage  between  cable  core  and  sheath  is  prevented 
and  it  locks  SZ-laid  tubes,  with  maintained  pitch, 
even  under  high  tensile  loads.  (These  properties  are 
especially  important  in  aerial  applications) 

•  It  improves  the  crush  resistance  of  the  design  (in 
average  60  %  for  the  compared  cables),  which  can  be 
used  to  decrease  the  dimensions  with  maintained 
mechanical  performance 

•  It  allows  the  concentric  loose  tube  cables  to  be 
stranded,  filled  and  sheathed  in  the  same  process. 

Therefore,  the  conclusion  from  this  work  is  that: 
Traditional  jelly  can  be  replaced  with  TPE-O  as  a  filling 
compound  for  improved  mechanical,  handling, 
manufacturing  and  environmental  properties. 
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Abstract 

The  telecom  industry  has  expanded  into  multiple  new 
applications  and  revenue  generating  opportunities  that 
require,  or  would  benefit  from,  low  diameter  optical  cables. 
Not  to  mention  that  smaller  cables  are  generally  easier  to 
handle  and  afford  lower  bending  diameters  for  confined 
spaces.  One  such  scenario  where  cable  diameter  is  of 
primary  consideration  is  duct  applications  where  duct  space 
is  leased  to  the  user.  It  is  important  to  these  customers  to 
secure  fiber  optic  cables  with  small  diameters  in  an  effort  to 
reduce  installation  and  ongoing  system  costs.  The  features  of 
this  novel  construction  are  very  attractive  to  the  customer. 
Lower  cable  bend  diameters  allow  more  flexibility  in  cable 
slack  storage  locations  and  longer  continuous  lengths  help 
reduce  the  number  of  splice  locations  within  a  route. 

This  presentation  will  cover  the  following  qualification  data: 

•  Qualification  results  showing  compliance  to 
Telcordia  GR-20 

•  Qualification  results  showing  compliance  to  RUS 
PE-90 

•  Qualification  results  showing  performance  of  a 
field  trial 

The  cable  diameters  have  been  reduced  by  8  to  24% 
depending  on  cable  construction.  Graphs  showing  cable 
diameter  and  weight  reductions  will  be  presented. 

Keywords 

Telcordia  GR-20,  RUS  PE-90,  reduced  diameter 

1 .  Introduction 

Reduced  diameter  cables  are  very  attractive  in  many 
applications,  especially  in  the  local  access,  metro  and  trunk 
networks.  Additionally,  the  possibility  of  using  existing 
Rights  of  Way  is  also  an  important  issue  where  lower 
diameter  cables  are  especially  attractive.  For  these,  and 
other,  applications,  the  cable  must  be  highly  robust  and 
maintain  environmental  and  mechanical  performance  levels 
suitable  for  outside  plant  use.  For  these  reasons,  the  cable 
designs  being  introduced/discussed  here  have  two  primary 
design  inputs  for  the  North  American  Region: 

•  Reduced  Diameter  and  Weight 

•  Telcordia  GR-20  mechanical  and  environmental 
performance 


Section  2  presents  the  characteristics  and  parameters  that 
must  be  considered  when  designing  a  reduced  diameter  loose 
tube  optical  cable.  Section  3  presents  the  configurations 
available  in  the  reduced  diameter  loose  tube  cable.  This 
section  will  illustrate  the  diameter  and  weight  reductions 
when  compared  with  traditionally  designed  and 
commercially  available  loose  tube  cables.  Qualification  test 
data  per  Telcordia  GR-20  and  RUS  PE-90  will  be  presented 
in  section  4  to  illustrate  full  compliance  to  the  NAR  accepted 
industry  standards.  Section  5  presents  information  regarding 
a  field  trial  installation  in  California.  Section  6  discusses  on 
going  work  and  finally,  section  7  presents  our  conclusions. 

2.  Design  Considerations 

The  loose  tube  optical  cable  design  is  comprised  of 
individual  fibers  that  are  contained  within  buffer  tubes  that 
are  ROL  stranded  about  a  central  strength  element  to  form 
the  core  of  the  cable.  Typically,  sheath  strength  elements  in 
the  form  of  aramid  or  fiberglass  yams  are  helically  applied 
about  the  core  to  provide  additional  tensile  strength. 
Multiple  sheathing  configurations  can  then  be  applied  to 
produce  Single  Jacket,  Armored,  LAP,  etc.  constructions. 
Generally  speaking,  sheath  treatment  parameters  and 
dimensions  have  previously  been  minimized.  For  example, 
as  process  capabilities  have  improved,  cable  jacket  thickness 
has  been  consistently  reduced  over  the  years  to  minimize 
material  usage  thus  saving  costs  and  reducing  cable  overall 
diameters.  Additionally,  corrugated  steel  armoring  and  LAP 
(Laminated  Aluminum)  dimensions  have  been  minimized  in 
an  effort  to  reduce  costs  and  cable  diameters  while 
maintaining  functionality. 

Essentially,  the  core  of  a  loose  tube  cable  is  one  of  the 
primary  sub-elements  that  can  be  manipulated  to  further 
reduce  cable  diameters.  However,  the  core  of  the  cable 
contains  the  optical  fibers  and  great  care  must  be  taken  when 
considering  dimensional  changes  and/or  material  changes. 
The  buffer  tubes  in  traditional  loose  tube  optical  cables  for 
the  North  American  Region  measure  at  either  2.5mm  or 
3.0mm  outer  diameter  depending  on  the  number  of  fibers  that 
are  contained  therein.  Material  stability  under  mechanical 
and  environmental  influences  is  of  utmost  importance  as  the 
buffer  tubes  provide  the  first  line  of  protection  for  the  optical 
fibers. 

The  central  strength  element  is  also  a  consideration  for 
dimensional  reduction.  The  diameter  of  the  central  strength 
member  is  defined  by  the  geometry  of  the  buffer  tubes,  and 
the  number  of,  stranded  about  it.  Care  must  be  taken  in  this 
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area  to  ensure  that  the  central  strength  member  is  of 
sufficient  size  to  maintain  anti-buckling  performance  at  low 
temperature  extremes.  The  combination  of  reduced  tube  and 
central  strength  element  dimensions  must  be  carefully 
evaluated  for  mechanical  stability.  This  has  been  achieved 
and  a  reduced  diameter  loose  tube  product  line  has  been 
released  that  maintains  GR-20  levels  of  mechanical  and 
environmental  performance. 

3.  Design  Options 

Currently,  the  reduced  diameter  loose  tube  cable  is  available 
in  the  following  configurations  to  support  duct,  direct  buried 
and  self-supporting  applications: 

•  All  Dielectric  Single  Jacket 

•  Light  Armored  (Single  Jacket,  Single 
Armored) 

•  Armored  (Double  Jacket,  Single  Armor) 

•  ADSS  Self-Supporting  for  short  length  drop 
applications 

All  cable  constructions  are  designed  to  meet  Telcordia  GR- 
20  specifications.  This  design  criteria  has  been  established 
primarily  to  support  existing  NAR  requirements.  Design 
inputs  for  blown  applications  as  well  as  regions  outside  the 
NAR  region  are  currently  under  consideration  for  potential 
new  product  introductions  that  take  advantage  of 
requirements  less  stringent  than  those  of  GR-20. 

The  duct  and  direct  buried  configurations  have  also  been 
tested  per  the  RUS  PE-90  specification  and  have 
subsequently  been  listed  by  the  RUS. 

The  ADSS  construction  is  designed  for  span  lengths  up  to 
300  feet  under  NESC  Medium  loading  conditions.  The 
ADSS  cable  is  designed  so  that  there  is  no  axial  fiber  strain 
at  the  Maximum  Rated  Cable  Load  (MRCL)  of  460  lbs.  The 
ADSS  cable  can  also  be  utilized  in  duct  applications  or  aerial 
to  duct  transitions  with  a  600  lb  rated  short-term  duct 
installation  load.  Upon  release  of  the  600  lb  load,  any 
increase  in  attenuation  of  the  fibers  returns  to  zero. 

There  has  been  significant  reduction  of  the  cable  diameter 
when  manipulating  the  core  configuration.  The  following 
table  shows  the  diameter  and  weight  reductions,  in 
percentages,  when  compared  to  traditional  loose  tube 
configurations. 

Table  1:  Cable  Diameter  /  Weight  percent 


reduction  com 

pared  to  traditional  construction. 

5  elements 

6  elements 

Single  Jacket 

11/18 

12/24 

Light  Armor 

10/12 

12/19 

Armored 

8/13 

10/17 

ADSS 

24/42 

NA 

The  significant  reduction  in  cable  diameter  and  cable  weight 
makes  for  easier  handling.  The  diameter  reduction  allows 
longer  continuous  lengths  on  smaller  reels,  a  significant 
advantage  for  customers.  Many  customers,  or  installation 
teams,  have  limitations  on  the  size  of  a  reel  that  can  be 
handled.  The  large  96”  (2.4m)  reels  are  sometimes  very 
difficult  to  handle  and  many  installations  require  a 
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considerably  smaller  reel.  It  is  our  experience  that  a  60” 
(1.5m)  reel  size  is  a  maximum  reel  size  required  by  multiple 
customers.  Based  on  this  reel  size  limitation,  the  reduced 
diameter  cables  can  offer  longer  continuous  lengths  per  reel. 
This  is  a  distinct  advantage  for  minimizing  splice  points  in  a 
route.  The  following  table  shows  the  percentage  increase  in 
maximum  continuous  lengths  of  cables  that  can  be  wound  on 
a  US  standard  60”  reel. 


Table  2:  Percent  increase  in  cable  continuous 
_ _ length  on  1.5m  reel _ 


5  elements 

6  elements 

Single  Jacket 

26% 

28% 

Light  Armor 

23% 

30% 

Armored 

19% 

22% 

ADSS 

68% 

NA 

4.  Qualification  Results 

All  cables  have  been  subjected  to  the  mechanical  and 
environmental  test  procedures  and  requirements  of  Telcordia 
GR-20.  The  cables  designed  for  duct  and  direct  buried  have 
also  be  tested  per  RUS  PE-90,  the  data  package  submitted, 
and  subsequent  official  listing  by  the  RUS. 

All  testing  shows  excellent  performance  verifying  the 
robustness  of  the  configurations.  The  ADSS  product  has 
been  tested  to  ensure  that  there  is  no  fiber  strain  at  the 
MRCL.  The  following  table  summarizes  the  test  results  for 
each  configuration. 


Table  3.  GR-20  &  RUS  PE-90  Qualification  Results 


Test 

Parameter 

Requirement 

Result 

Jacket 

Adhesion 

14.0  N/mm  min.  between 
outer  jacket  and  steel  armor 

25.92 

58.26 

N/mm. 

High  & 
Low 

Temp. 

Bend 

4  hours  @  -30°C  &  +60°C, 
20x  OD  bend 

Max. 

change:  0.04 
dB.  No 

damage 

Test 

Parameter 

Requirement 

Result 

Impact 

Resistance 

25  impacts,  30  cycles/min. 
Impact  mass  per  cable  OD 

GR-20: 

Max. 

change:  0.02 
dB.  PE-90: 
Max  change: 
0.07  dB. 

No  damage. 

Compressi 

ve 

Strength 

Non-Armored:  Incidental 
load:  220N.  Long  term 
load:  1 10N. 

Armored: 

Incidental  load:  440N. 
Long  term  load:  220N. 

!  Max. 
change: 

0.05dB  at 

incidental 

load. 

Tensile 

Strength 

(a)  Fiber  strain  less  than 
60%  of  proof  strain 
(0.60%)  @  rated  install 
load  (6001bs) 

(b)  At  load,  360°  twist 
within  3  meters,  no  armor 

(a)  Max. 
fiber  strain: 
0.098%. 

(b)  Max 
atten. 
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zippering  or  jacket  splitting, 
(c)  At  30%  of  install  load 
(1801bs),  fiber  strain  <  20% 
of  proof  strain  and  fiber 
shall  not  exceed  allowable 
attenuation  change. 

change: 

0.03  dB. 

(c)  Max 

fiber  strain: 
0%.  Max 
atten. 

change:  0.0 
dB. 

Cable 

Twist 

2  meter  max.  sample,  10 
cycles,  180°  CW  twist, 
360°  CCW  twist,  180°  CW 
twist. 

Max.  atten. 
change:  0.02 
dB.  No 

mechanical 
damage. 

Cyclic 

Flex 

25  flex  cycles,  20x  OD,  30 
cycles/min. 

Max.  atten. 
change: 

0.02  dB.  No 

mechanical 

damage. 

Temp. 

Cycle 

-40°C  to  +70°C  extremes. 

Avg:  0.04 

dB. 

Max:  0.13 

dB. 

Aging 

85°C,  168  hrs. 

Avg:  0.03 

dB. 

Max:  0.06 

dB. 

Buffer 

Tube 

Shrink- 

back 

RUS  PE-90.  Shrinkback  < 
5% 

All  samples 
<  5%. 

Buffer 

Tube  cold 
bend 

RUS  PE-90.  -20°C, 

Mandrel  OD  <  5x  tube  OD, 
10  wraps 

No  damage. 

Cold 

Impact 

RUS  PE-90.  4  N-m  impact, 
-20°C. 

No  damage. 

As  the  industry  develops  new  lower  cost  materials  and 
smaller  dimensions  for  fiber  optic  cable,  maintaining  GR-20 
and  RUS  PE-90  levels  of  mechanical  and  environmental 
performance  becomes  more  difficult.  Our  ability  to  maintain 
sound  compressive  performance  in  the  reduced  diameter 
cables  can  be  primarily  contributed  to  the  robustness  of  the 
PBT  buffer  tubes.  Current  alternative  materials  for  buffer 
tubes,  although  generally  a  bit  more  flexible,  experience 
difficulties  maintaining  mechanical  crush  resistance  to  the 
levels  that  can  be  achieved  with  PBT. 


5.  Field  Trial 

In  January,  2002,  a  144  fiber  Single  Jacket  low  diameter 
cable  was  installed  in  Oakland  California.  The  low  diameter 
cable  was  necessary  to  support  installation  of  the  cable 
within  conduit  measuring  a  V”  (19mm)  ID.  At  an  85%  fill 
ratio,  the  customer  required  a  cable  diameter  of  0.64” 
(16.25mm)  or  less.  The  product  provided  has  a  diameter  of 
13.4mm,  which  met  the  customer  requirement  and  ultimately 
improved  the  installation  performance  by  offering  a  fill  ratio 
of  70%.  A  typical  commercially  available  144-fiber  loose 
tube  cable  has  a  diameter  of  0.74”  (18.8mm). 


A  pulling  grip  was  installed  in  the  field  and  a  2500  ft  (762  m) 
section  of  cable  was  easily  installed  within  the  %  conduit. 
The  balance  of  the  cable  was  installed  in  a  1-%”  conduit. 
The  configuration  of  the  route  required  considerable 
handling  of  the  cable  whereby  the  product  was  placed  in  a 
Figure-8  configuration  for  pulling  in  multiple  sections.  This 
was  specifically  required  based  on  the  pulling/installation 
configuration  and  not  related  to  the  cable  product.  The 
cable’s  flexibility  and  ease  of  handling  made  this  operation 
user  friendly  and  improved  the  speed  and  efficiency  of 
installation.  During  the  entire  installation,  the  tensions 
measured  never  exceeded  200  lbs  (890N).  This  can  be 
attributed  to  the  length  of  cable  installation  as  well  as  the  low 
fill  ratio. 

An  additional  benefit  seen  by  the  installation  team  was  the 
reduction  in  volume  of  tube  filling  compound.  There  is  less 
filling  compound  to  clean  which  resulted  in  a  slight 
improvement  to  fiber  access  time. 

All  fibers  were  measured  optically  after  the  installation  with 
no  change  relative  to  the  values  measured  at  the  factory. 

6.  On  going  work 

1.  These  concepts  are  being  applied  to  all  other  products 
within  the  loose  tube  portfolio. 

2.  We  expect  to  expand  upon  these  concepts  to  introduce 
application  specific  products.  These  application  specific 
products,  blown  cables  for  example,  will  be  designed  to  meet 
the  conditions  of  the  application.  Where  lower  tensile 
strength  cables  can  be  employed  or  applications  for 
temperature  extremes  that  do  not  go  to  -40°C,  products  with 
further  reduced  diameters  and  weights  can  be  established. 

3.  With  decreased  buffer  tube  sizing  comes  improved 
potential  for  a  completely  dry  loose  tube  configuration. 
Work  is  being  done  to  develop  a  water  blocked  buffer  tube 
free  of  gels.  Control  of  the  buffering  process  and  fiber  to 
tube  excess  length  are  the  primary  considerations.  The 
smaller  tube  design  results  in  a  smaller  area  requiring  water 
blocking  super  absorbents. 

7.  Conclusion 

A  reduced  diameter  loose  tube  product  has  been  developed 
that  maintains  very  high  levels  of  mechanical  and 
environmental  performance.  The  product  supports  GR-20 
and  RUS  PE-90  requirements  while  reducing  product 
diameters  from  8  to  24  percent  depending  on  configuration. 
The  bending  performance  of  these  products  is  rated  at  10 
times  the  cable  diameter  in  static  conditions  and  15  times  the 
cable  diameter  in  dynamic  conditions,  producing  some  of  the 
lowest  bend  diameters  available  for  loose  tube  cables.  The 
features  of  the  product,  lower  diameter,  improved  flexibility, 
longer  continuous  lengths,  easier  handling,  etc.  make  this 
product  line  an  attractive  solution  for  many  applications. 
This  has  been  achieved  without  reducing  cable  performance, 
making  the  product  a  simple  transition  for  the  user. 

Continued  work  is  ongoing  to  transfer  this  concept  into  all 
existing  products.  There  is  an  effort  to  develop  applications 
specific  products  that  offer  the  customer  an  advantageous 
solution. 
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We  are  pursuing  the  potential  to  develop  a  completely  dry 
loose  tube  cable  in  an  effort  to  completely  eliminate  the  need 
for  solvents  to  clean  the  compounds.  We  believe  that  the 
reduction  in  tube  diameter,  and  thus  the  reduction  in  free 
space,  will  allow  the  development  of  this  product. 
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ABSTRACT 

Deployment  of  metro  optical  fiber  networks  requires  extensive 
construction,  usually  involving  excavation  of  city  streets.  These 
excavations  cause  pollution,  traffic  hold-ups,  economic  loss,  and 
unsafe  conditions  to  the  inhabitants  in  every  city.  Even  worse,  the 
repair  of  the  streets  after  excavation  rarely  left  the  streets  in 
acceptable  condition.  These  forced  mayors  to  issue  moratoriums 
on  new  open  cut  excavations  involved  in  the  last  mile  work. 
Leasing  space  inside  of  existing  sewers,  water  pipes,  and  natural 
gas  pipes  by  either  private  telecos  or  utility  owned  telcos  has  a 
rather  interesting  appeal  in  that  owners  of  existing  sewers  and  gas 
pipes  get  to  generate  a  new  revenue  stream  and  telecos  could 
install  their  optical  fiber  cables  at  an  attractive  cost.  However,  the 
fiber  companies  have  to  recognize  that  these  utilities  are  the  result 
of  substantial  public  investment  running  into  trillions  of  dollars 
combined  with  over  100  years  of  engineering  advances  and  the 
owners  of  these  pipes  have  to  keep  proper  functioning  of  these 
pipes  for  originally  intended  functions  first  at  heart  at  all  times.  If 
proper  standard  of  care  is  not  practiced,  it  is  only  a  matter  of  time 
until  major  problems  will  manifest  and  the  token  pipe  lease  fee 
paid  by  a  fiber  installer  to  the  owners  of  these  pipes  will  amount 
to  nothing  compared  to  the  cost  the  public  will  have  to  bear  to 
return  the  sewers  back  to  normal.  This  paper  provides  a  detailed 
account  of  the  track  record  in  this  field  around  the  world  of  most 
deployments  to  date,  and  the  engineering  lessons  learned.  This 
paper  also  presents  an  account  of  progress  made  to  date  in 
standardization  work  for  this  new  industry.  This  paper  provides  an 
overview  of  various  technologies,  and  makes  an  open  invitation  to 
those  qualified  engineers  and  scientists  in  the  global  market  to 
submit  their  valuable  input  toward  preparing  engineering 
guidelines  with  ASCE  sponsorship  and  consensus  standards 
within  ASTM  International. 

Keywords:  sewers;  gas  pipes;  trenchless;  optical  fibers;  robots; 
no-dig;  last  mile;  liners 

INTRODUCTION 

More  than  110  million  North  Americans  are  expected  to 
telecommute  to  work  by  2010.  This  will  increase  our  productivity 
and  quality  of  life  significantly.  This  will  also  save  energy, 
reduce  pollution,  and  re-distribute  the  wealth  and  real  estate 
values.  For  this  to  happen,  we  could  turn  to  existing  underground 
infrastructure  to  build  our  communication  networks,  so  that  we 
can  avoid  additional  congestion  underground.  North  America 
already  has  invested  many  trillions  of  dollars  in  the  past  century 
building  over  2,000,000  km  of  sewers  in  the  ground.  An 
additional  over  1,000,000  km  of  natural  gas  pipes  come  into  our 
homes  and  businesses.  Civil  engineers  have  been  responsible  for 
planning,  designing,  constructing,  operating,  and  maintaining  this 
vast  network  of  pipes  below  our  feet.  Civil  engineers  need  to  start 


planning  now  toward  working  more  closely  with 
telecommunication  engineers  in  making  the  information  age  come 
into  full  bloom  so  that  any  obstacles  can  be  removed  with  the 
team  approach.  This  will  involve  sharing  the  underground  so  that 
the  same  gas  pipes  and  sewers  are  used  for  multiple  functions. 
The  absence  of  local  optical  fiber  broadband  loops  in  the  last  mile 
also  impedes  the  optical  Internet  and  indeed  is  a  major 
contributing  factor  to  the  slowdown  in  the  telecommunications 
industry.  Copeland  and  Malik  [7]  reported  that  without 
widespread  high-speed  Internet  access,  the  technology  industry 
and  the  economy  would  remain  stalled.  Wall  Street  Journal  also 
wrote  several  times  on  this  subject  and  an  example  is  in  [46]. 
Kennedy  [32]  asserts  that  the  utilities  are  well  positioned  to  solve 
the  last  mile  problems  than  any  other  players  due  to  the  fact  that 
they  have  the  ability  and  incentive  to  invest  in  a  high-capital  cost, 
low-return  access  network.  Additional  details  on  the  win-win 
solutions  from  the  business  plans  involving  optical  fiber 
deployment  in  existing  sewers  have  been  discussed  in  more  detail 
in  Jeyapalan  [17  to  30]. 

INFORMATION  SUPERHIGHWAY S  TO  WHERE? 

The  optical  fiber  industry  has  kept  its  pace  of  inventing  better 
fibers  and  DWDM  equipment.  For  example,  Hecht  [12]  reports 
that  Alcatel  and  NEC  independently  have  squeezed  more  than  10 
trillion  bits  per  sec  through  a  single  strand  of  fiber.  This  capacity 
translates  to  carrying  over  150  million  telephone  calls 
simultaneously  in  a  strand  that  measures  less  than  7  microns  in 
diameter  or  less  than  7  %  of  the  thickness  of  the  human  hair. 
Despite  these  major  advances,  an  optical  fiber  network  is  only  as 
fast  as  its  weakest  link.  In  recent  years,  and  still  today,  many 
companies  are  laying  optical  fiber  cable  between  continents, 
countries  and  cities.  In  America,  over  400,000  km  of  fiber  cables 
are  in  the  ground.  Even  building  owners  have  started  laying  fiber 
from  their  rooftop  to  basement;  however,  the  missing  link  is  still 
the  last  mile  of  route  length  as  short  as  10  m  or  as  long  as  a  few 
km.  While  the  entire  telecosm  is  in  chaos,  everyone  in  this 
industry  should  ask  the  fundamental  question:  "where  are  the  on 
and  off  ramps  to  the  information  superhighway  most  companies 
have  been  building  for  2  decades  in  optical  fiber  cables?"  The 
answer  is  "  these  do  not  exist  to  and  from  more  than  97%  of  the 
commercial  real  estate  all  across  America  and  the  picture  is  even 
more  dismal  for  multiple  tenant  units  and  single  family  homes. 
Naturally  these  information  superhighways  with  their  limited 
points  of  origin  with  a  similar  tale  at  the  other  end  would  remain 
empty  with  no  one  willing  to  pay  the  toll  to  the  owners  of  such 
long  haul  networks.  These  limitations  result  in  a  mere  10%  of  the 
long  haul  fiber  being  lit.  Given  how  we  humans  always  take  the 
path  of  least  resistance  have  avoided  bridging  the  last  mile,  which 
would  be  the  hardest  and  the  costliest,  without  ever  realizing  that 
without  the  ultimate  on  and  off  ramps,  there  would  be  no  use  for 
such  long  haul  routes  circling  the  continents.  The  so-called  fiber 
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glut  in  the  backbone  and  long  haul  fiber  networks  is  mostly  due  to 
the  lack  of  last  mile  fiber  to  provide  the  final  link  between  the 
premises  and  the  long  haul  carriers  of  data,  voice,  and  video.  It  is 
important  to  recognize  that  the  optical  fiber  technology  still  has  to 
compete  against  other  last  mile  technologies  such  as  wireless, 
satellite,  line  of  sight  air  fiber,  various  chipsets  on  copper  plants, 
and  other.  If  the  optical  fiber  technology  could  be  rolled  out  at  a 
faster  pace,  with  less  hurdles  in  rights  of  way  acquisition,  and  at  a 
lower  cost,  then  end  to  end  optical  fiber  connectivity  could  win 
this  race  in  the  coming  years  in  the  last  mile. 

THIS  IDEA  HAS  BEEN  AROUND  SINCE  1983 

Using  existing  conduits  for  multiple  uses  is  not  a  new  concept. 
Early  attempts  were  in  Paris  more  than  100  years  ago  but  poor 
results  led  to  abandonment  of  the  concept  of  installing  multiple 
utilities  in  the  same  underground  tunnels.  The  innovative  idea  of 
using  existing  fluid  conduits  for  additional  functions  not 
originally  intended,  emerged  again  in  1983  when  Jeyapalan  et  al. 
[14,  15,  16]  designed  2  high  pressure  hydropower  penstocks  of 
size  2144  mm  (84  inch)  in  diameter  to  hang  from  the  roofs  of 
6.4m(21  ft)  diameter  outlet  tunnels  at  Jennings  Randolph  and 
Gathright  dams  in  West  Virginia  and  Virginia.  These  large 
penstocks  were  designed  in  304L  stainless  steel  to  survive  the 
acidic  water  with  a  pH  of  3  or  less  flowing  through  the  outlet 
tunnels.  A  series  of  hydraulic  model  tests  were  performed 
initially  at  Sogreah,  Grenoble,  France  and  then  for  convenience 
these  models  were  moved  to  Alden  Research  Laboratory  in 
Holden,  Massachusetts.  In  these  physical  model  tests,  we 
simulated  the  flow  conditions  in  the  tunnel  under  various 
operating  curves  of  the  reservoir  and  forces  acting  on  the 
penstocks  were  measured  to  ensure  that  the  penstocks  and  their 
supporting  anchors  could  be  designed  to  carry  the  anticipated 
loadings  on  the  penstock  and  the  tunnel  linings  during  the  design 
life  of  50  years.  The  impact  of  penstocks  occupying  some  portion 
of  the  waterway  in  the  tunnels  was  also  studied  in  the  model  tests 
to  ensure  that  the  installation  of  the  penstocks  did  not  affect  the 
originally  intended  functions  of  the  existing  tunnels.  There  were 
numerous  unprecedented  design  features  that  were  included  in 
these  designs  to  provide  the  client  the  lowest  possible  water-to- 
wire  cost  per  kilowatt  of  the  hydropower  generated,  all  due  to  the 
fact  that  the  dam  and  the  tunnels  were  already  there.  The  above 
scheme  was  also  chosen  to  prevent  any  disputes  with 
environmentalists  so  that  the  project  implementation  could  be 
achieved  in  the  shortest  possible  time  without  any  unnecessary 
delays. 

OPTICAL  FIBER  IN  JAPANESE  SEWERS 

Shortly  thereafter,  the  first  invention  for  using  existing  sewers  for 
installing  communication  cables  was  developed  by  a  group  of 
engineers  from  the  Water  Research  Center  (WRc)  in  UK  [42].  A 
patent  was  issued  by  the  UK  patent  office  on  16  May  1984. 
Subsequently,  the  US  patent  No:  4,647,251  was  secured  on  March 
3,  1987  and  the  assignee  was  Cabletime  Installations  Limited 
operating  out  of  Washington,  DC.  [43]  For  reasons  unknown  even 
to  the  current  employees  of  WRc,  this  patent  was  allowed  to 
expire  due  to  nonpayment  of  annual  dues  after  WRc  attempting  to 
commercialize  this  invention  for  some  years.  Japanese  assembled 
a  robot  in  1987,  following  an  art  somewhat  similar  to  that 
disclosed  in  the  UK  invention,  to  install  optical  fibers  initially  in 
Tokyo  sewers  [34],  and  the  Japanese  applied  for  European, 


Japanese,  Korean,  and  US  patents.  The  US  patent  No:  4,822,2 1 1 
was  issued  on  April  18,  1989  with  Nippon  Hume,  Tokyo  Metro 
Government,  and  Tokyo  Metro  Sewer  Service  Corporation  as  co- 
assignees  [44]  to  protect  the  robot. 

The  primary  reason  for  the  Japanese  engineers  to  install  optical 
fiber  in  their  sewers  in  Tokyo  in  1987  was  to  control  sewage 
treatment  plants  remote  without  having  to  employ  human  power 
at  each  of  these  locations  as  given  in  Shinoda  [39].  Tokyo  Metro 
Government  and  Tokyo  Metro  Sewer  Service  Corporation 
promoted  this  concept  as  their  SOFT  plan  widely  and  a  sampling 
of  such  efforts  is  evident  in  [37,  41].  Subsequently,  the  Japanese 
engineers  formed  JSOFTA  and  promoted  this  technology  for 
additional  functions  as  reported  in  Fujiyoshi  and  Yoshikazu  [9] 
and  JSOFTA  [31].  JSOFTA  was  also  instrumental  in  changing  the 
Japanese  public  law  in  1996  for  the  sewer  owners  to  permit 
materials  other  than  sewage  in  their  sewer  system  paving  the  way 
for  a  wider  deployment  of  fiber  in  the  sewer  [13].  Tokyo  Metro 
[40]  alone  has  more  than  850  km  of  fiber  in  the  sewer,  with  about 
140  km  installed  by  these  robots,  more  than  any  other  city  in  the 
world. 

According  to  Nippon  Hume  [35],  the  original  robots  had  options 
to  either  be  self-driven  or  operated  by  winches.  Given  most  of 
the  sewers  in  Japan  were  made  of  centrifugally  cast  reinforced 
concrete  pipe,  drilling  into  the  pipe  wall  required  significant 
amount  of  power  through  the  umbilical  cable  supplying  water,  air, 
electricity,  and  communication  circuits.  According  to  Nippon 
Hume  [35],  when  the  Tokyo  Metro  discovered  that  it  was  better  to 
conserve  power,  self-driven  robots  were  not  the  preferred  option. 
Nippon  Hume  began  to  promote  this  robot  system  for  sewer  sizes 
200  to  1200  mm  widely  as  shown  in  Nippon  Hume  [36]. 
Recently,  the  Japanese  Ministry  of  Construction  has  also 
published  a  goal  of  building  100,000  km  of  optical  fiber  networks 
in  existing  sewers  all  over  Japan  by  year  2010  toward  promoting 
the  Multi-Media  Society  as  given  in  [13].  In  America,  the 
Technology  Network  has  called  on  the  federal  government  to 
adopt  a  goal  of  100  megabits  per  second  to  100  million  homes  and 
small  businesses  by  2010. 

BERLIN  USING  NIPPON  HUME  ROBOTS 

BerliKomm  owned  by  Berlin  Water  had  an  ambitious  plan  in 
1997,  in  that  it  would  provide  each  customer  in  Berlin  with  a 
broadband  connection  within  30  days  of  asking.  Berlin  water 
turned  to  3  Japanese  robots  sold  by  Nippon  Hume  initially  by 
setting  up  a  new  company  named  Robotic  Cabling  GmbH 
Kabelverlegung  (RCC)  owned  with  Marubeni  and  Nippon  Hume 
and  installed  about  1500  m  of  optical  fibers  in  its  own  combined 
sewers  in  Berlin  in  the  winter  of  1998.  The  Japanese  robots  used 
by  Berlin  water  came  in  3  sizes  with  various  undercarriages  for 
pipes  of  250-350  mm,  400-450  mm,  and  500-1200mm.  The  robot 
was  steered  by  a  control  unit  but  was  not  driven  by  its  own  power. 
Instead,  they  were  pulled  using  winches  through  the  manholes.  A 
special  drill  was  used  to  cut  a  hole  6  mm  dia.  15  mm  deep  for  the 
J-hook  anchor  of  the  cable  with  its  2  part  resin  system  that 
hardens  in  the  hole  after  activating  the  plunger  pin  once  deployed 
after  placing  the  optical  fiber  cable  in  the  J-hook.  Berlin  Water  as 
of  January  2000  solely  owns  this  business  entity  and  has  replaced 
the  Japanese  robots  with  those  manufactured  in  Germany  by  JT 
Elektronik  GmbH  where  2  robots  could  work  in  pipes  of  200  to 
1200  mm,  provided  the  right  undercarriage  is  used.  According  to 
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Beyer  [4]  and  Nippon  Hume  [35]  Berlin  water  returned  the  two 
units  of  second-generation  robots  back  to  Nippon  Hume,  but  kept 
the  third  unit  of  the  first  generation.  A  change  from  the  version  of 
the  Japanese  robots  Berlin  used  is  that  the  3  units  assembled  in 
Berlin  could  propel  it  once  inside  the  sewers,  in  a  way  no  different 
from  the  robots  Japanese  had  in  their  first  generation  for  Tokyo 
Metro,  installing  the  cable  at  speeds  as  high  as  200  m/day  under 
optimal  conditions  as  given  in  [3,  4].  The  Berlin  drill  and  dowel 
anchor  robot  has  eliminated  the  use  of  the  2  part  resin  bonding  the 
Japanese  system  uses. 

TRACK  RECORD  IN  SEWERS 

When  Alcatel  and  IK-T  needed  a  technology  partner  in  1996  to 
develop  a  new  optical  fiber  deployment  robot,  Ka-te  was  their 
choice.  This  author  estimates  Ka-te,  Nippon  Hume,  and  RCC 
Robots  together  did  globally  about  50%  of  the  entire  1200  km  of 
sewers  carrying  optical  fiber  cables  based  on  what  was  given  in 
GSTT  [11].  The  robots  by  Nippon  Hume  did  work  primarily  in 
Tokyo,  Berlin,  and  Copenhagen  for  a  total  length  of  over  180  km 
with  some  projects  going  back  to  1988.  RCC’s  technology  has 
been  used  in  Berlin  in  pipes  owned  by  RCC’s  owner  during  the 
past  3  years  for  a  total  of  over  20  km  and  over  an  estimated  7  km 
in  North  America,  based  on  data  the  author  has  been  able  to 
obtain,  primarily  in  point-to-point  configurations  connecting  a 
few  buildings.  The  connections  to  buildings  have  been  primarily 
using  HDD  and  if  anything  were  to  go  wrong  with  the  installed 
optical  fiber  cable,  this  author  maintains  that  one  has  to  start  from 
scratch  to  do  a  whole  new  installation. 

According  to  Nippon  Hume,  their  installations  using  the  drill  and 
dowel  system  of  over  10  years  of  age  are  still  functioning  in 
Tokyo  sewers.  However,  the  author  has  not  been  able  to  verify 
this  independently  from  either  CCTV  records,  his  own  inspections 
or  by  accounts  of  parties,  who  do  not  have  a  vested  interest.  The 
installations  by  RCC  in  Berlin  sewers  and  Ka-te  installations  are 
being  observed  carefully  for  useful  data. 

MAN-ENTRY  TECHNOLOGY 

Man-entry  sewers  are  those  with  a  diameter  larger  than  700  mm. 
The  sewer  lengths  in  North  America  of  sizes  not  larger  than  700 
mm  exceed  90%.  Even  the  sewers  of  sizes  larger  than  700  mm 
forming  less  than  10%  of  route  lengths  lie  in  the  outer  skirts  of  a 
major  city,  where  the  demand  for  last  mile  fiber  is  not  there  yet. 
This  implies  that  the  market  for  man-entry  technology  is  rather 
small  in  North  America  at  this  time.  Many  methods  could  be  used 
for  putting  fiber  once  human  could  enter  the  sewers.  Using 
expansion  wall  anchors  with  FAST  clips  or  CableRunner  trays, 
for  example,  optical  cables  could  be  attached  to  the  inside  sewer 
wall,  at  a  desired  spacing.  For  fixing  the  expansion  anchor,  a  hole 
must  be  drilled  into  the  sewer  wall,  which  would  pose  no  major 
structural  problems  as  long  as  there  is  adequate  wall  thickness  in 
sewers  with  a  800mm  dia.  and  above.  The  cables  can  be  added  in 
the  future  as  demand  for  the  fiber  count  increases.  This 
technology  has  been  in  use  for  some  years.  In  Tokyo  alone,  there 
is  over  700  km  of  such  fiber  installations  in  man-entry  sized 
sewers  for  the  longest  duration,  more  than  any  other  city  in  the 
world.  And  in  Vienna,  there  is  over  300  km  of  man-entry  fiber 
using  CableRunner. 

INVENTIONS  FOR  FIBER  IN  SEWERS 


There  are  at  least  5  robot  companies  namely:  CableRunner,  DTI- 
CableCat,  Ka-te,  Nippon  Hume,  and  RCC.  CableRunner  uses  a 
drill  and  dowel  system  in  sewers  of  250  to  700  mm  in  size.  DTI- 
CableCat  uses  either  a  back-reamed  anchor  or  an  adhesive  bed 
system  in  sewers  of  sizes  200  to  1200  mm,  while  Nippon-Hume 
and  RCC  use  drill  and  dowel  systems  for  the  same  sized  sewers. 
Nippon-Hume  uses  a  plunger  pin  stem  for  the  anchor  along  with  a 
2  part  resin  system  while  RCC  uses  a  frictional  stem  anchor.  Ka¬ 
te  uses  a  stainless  steel  clamp  and  conduit  system  for  sewers  of 
sizes  200  to  700  mm. 

In  the  drill  and  dowel  system,  a  drill  hole  is  made  into  the  wail  of 
the  sewer  pipe  within  the  upper  part  and  the  cable  is  attached 
using  either  an  anchor  or  a  cable  tray.  In  the  adhesive  bed  system, 
the  sewer  pipe  surface  is  coated  with  a  glue  and  either  the  cable  is 
directly  or  attached  or  fitted  into  either  trays  or  clips  attached  to 
the  glue  bed.  In  the  clamp  and  conduit  system,  stainless  steel 
rings  are  fitted  inside  the  pipe  where,  the  stainless  steel  conduits 
to  house  the  optical  fiber  cables  are  clipped.  Each  method  has  its 
advantages  and  disadvantages  and  is  likely  to  find  work  in  its  own 
market  niche  where  the  user  will  take  some  responsibility  for 
using  suitable  engineering  criteria  to  pick  the  best  to  fit  their 
budget  and  the  needs  of  the  project. 

In  addition,  there  are  liner  systems  vying  to  do  some  of  this  as 
part  of  routine  sewer  maintenance  programs.  There  is  a  good 
chance  that  these  liner  companies  will  succeed  if  they  are  able  to 
offer  value-added  relining  systems  for  an  attractive  incremental 
fee  to  the  city  sewer  agencies  over  the  standard  lining  systems 
without  cutting  too  much  into  the  current  functions  of  the  sewers. 

The  author  is  also  aware  of  a  number  of  other  new  technologies 
for  building  optical  fiber  networks  in  sewers  either  under  research 
&  developments,  applied  for  patents,  or  have  approved  patents  in 
hand.  For  example,  see  US  patent  No:  6,301,414  issued  on 
October  9,  2001  to  a  group  of  optical  fiber  experts  from  Alcatel 
[45].  DTI-CableCat  has  filed  for  patents  to  protect  its  adhesive 
bed-based  non-invasive  system  and  is  in  the  middle  of  developing 
a  robot  shown  in  Figure  1 . 


Figure  1:  DTI?s  Adhesive  Bed  Robot 

Nippon  Hume,  Consec,  TMG,  and  TMSSC  have  jointly  applied 
for  new  patents  to  protect  their  new  C  and  W  anchors  and  new 
modular  robots,  shown  in  Figure  2,  to  work  in  various  types  of 
pipes.  Nippon  Hume  also  has  applied  for  patents  to  protect  their 
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inventions  to  pre-install  optical  cable  ducts  in  new  spun  concrete 
pipe. 


Figure  2:  New  Nippon  Hume  Robot 

It  is  the  author's  understanding  that  Trolining  has  tried  to  sell  its 
double  wall  HDPE  liner  system  for  municipal  sewer  relining  since 
1995,  but  has  not  found  acceptance  in  North  America  with  the 
exception  of  a  few'  test  sections.  Trolining  modifying  its 
marketing  program  to  the  concept  that  their  liner  could  house 
optical  fiber  cable  has  not  produced  any  results  either  to  date  in 
the  author's  view,  due  to  telecommunications  companies  desiring 
to  build  the  last  mile  fiber  at  the  lowest  possible  cost  in  sewers 
that  require  no  double  walled  HDPE  lining  at  this  time.  TMG, 
Coming  Cable  Systems  MCS-Drain,  shown  in  Figure  3,  and 
Ashimori  Industries’  offering  to  use  tensioning  devices  to  span  the 
optical  fiber  cable  manhole  to  manhole  to  anchor  them  on  the 
walls  of  the  manhole  are  quite  similar. 


Figure  3:  Coming’s  MCS  Drain  System 


Brand-Rex  [5]  offers  a  technology  to  build  optical  fiber  ducts  as 
part  of  relining  a  sewer  as  shown  in  Figure  4. 


Figure  4:  Building  Optical  Fiber  in  Liners 


OPTICAL  FIBER  IN  NATURAL  GAS  PIPES 

Sempra  Fiber  Links  [38],  Alcatel  [33],  and  Gastec  [10]  are  three 
companies  offering  new  technologies  to  install  optical  fiber  cables 


in  natural  gas  pipes.  In  Sempra’s  technology,  special  fittings  are 
attached  after  tapping  the  gas  main  at  two  locations  to  form  the 
entry  and  exit  points  for  the  optical  fiber  The  gas  mains  could  be 
even  as  small  as  25  mm  in  size  and  the  fiber  conduit  will  take  up 
to  no  more  than  10%  of  gas  flow  area.  In  the  event  a  particular 
gas  line  cannot  handle  even  a  10%  reduction  in  capacity, 
additional  pipe  capacity  will  be  added.  A  small  HDPE  conduit  is 
threaded  through  the  entrance  fitting  until  it  reaches  the  exit 
fitting.  A  special  tool  is  used  to  grab  hold  of  the  threaded  conduit 
and  pull  it  out  through  the  exit  fitting.  Once  this  housing  conduit 
is  placed  in  the  gas  main,  the  optical  fiber  cable  is  pushed  through 
this  conduit  from  one  fitting  to  the  next.  The  fittings  and  seals  are 
designed  to  meet  all  gas  pipeline  safety  requirements  of  the  U.S. 
DOT,  CFR  49,  section  192  and  any  local  regulations  such  as 
California  PUC  General  Order  1 12-E.  Sempra  reports  that  a  crew 
of  5  to  7  workers  can  install  up  to  600  m  per  day. 

In  the  Alcatel  system,  a  balloon  device,  shown  in  Figure  5,  is  used 
to  pull  a  specially  designed  optical  fiber  cable  through  the  Inlet 
port  clear  through  the  Outlet  port  shown  using  a  gas  pressure 
differential.  The  cable  itself  has  a  special  metallic  barrier,  to 
prevent  hydrogen  gas  migration  to  cause  the  optical  fiber  strands 
going  blind.  Again,  the  seals  and  the  ports  are  designed  to  meet 
various  safety  regulations.  More  details  could  be  found  in 
Leppertet  al.  [33]. 


Figure  5:  Alcatel’s  Balloon  to  Pull  Optical  Fiber  in  Gas  Pipes 

Gastec  offers  a  solution  where  a  specially  designed  shuttle  pulls  a 
cord  from  an  inlet  attached  to  the  gas  main  all  the  way  to  the  exit 
port  using  a  gas  pressure  differential.  This  is  done  by  creating  an 
overpressure  of  about  150  mbar  at  the  inlet  side  while  a  negative 
pressure  is  created  by  flaring  off  gas  through  a  venting  safety 
valve  at  the  outlet  side.  If  for  some  reason,  shuttle  gets  stuck,  the 
exact  position  will  be  known  to  the  engineers  from  the  transmitter 
signal  built  into  the  shuttle.  An  added  benefit  of  fiber  in  gas 
deployment  is  that  a  few  strands  of  the  fiber  could  be  used  as  a 
leak  detection  system  by  collecting  spatial  resolution  data.  When 
an  engineer  applies,  Raman's  law  and  Joule-Thompson's  effects, 
the  exact  point  along  the  pipe  alignment  where  a  leak  appears  can 
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be  detected  with  a  short  response  time  to  take  appropriate 
remedial  actions. 

STANDARDIZATION 

Efforts  are  underway  to  develop  consensus  standards  within 
ASTM  International  by  bringing  industry  experts  together. 
ASTM  International  provides  a  legal,  administrative,  and 
publication  forum  within  which  producers,  users,  ultimate 
consumers,  and  representatives  of  government  and  academia  can 
meet  on  a  common  ground  to  develop  standards  that  best  meet  the 
needs  of  all  concerned.  The  group  that  met  during  the  past  year 
unanimously  agreed  on  the  need  to  establish  an  ASTM  standards 
development  activity  and  approved  the  title:  “New  ASTM 
International  Committee  on  Installing  and  Operating  Optical  Fiber 
Cables  in  Existing  Sewer  Systems.”  Over  250  stakeholders  from 
25  countries  have  joined  together  to  form  new  ASTM  Committee 
F36  on  Technology  and  Underground  Utilities.  The  group  will 
create  standards  for  the  deployment  of  fiber-optic  cables  in 
underground  utilities.  Participants  in  the  new  committee  include 
municipal  authorities,  building  owners,  robot-  manufacturers,  pipe 
manufacturers,  optical-fiber  cable  manufacturers,  telecos,  and 
construction,  architectural  and  engineering  consultants,  to  name 
just  a  few. 

Similar  efforts  are  underway  to  develop  engineering  guidelines 
within  ASCE  for  this  130,000-member  organization  of  civil 
engineers  to  provide  their  input  to  the  telecommunications 
industry  in  this  new  discipline.  More  than  25  authors  have 
committed  their  time  toward  developing  these  guidelines  for 
many  months  on  this  Task  Committee  on  Installing  and  Operating 
Optical  Fiber  Networks  in  Existing  Sewers. 

As  one  example  of  the  numerous  questions  and  concerns  raised  by 
the  possibility  of  placing  fiber-optic  cable  in  existing  underground 
utility  conduits,  we'll  look  at  the  issues  raised  by  sewer  agency 
engineers,  based  on  sound  engineering  principles,  about  allowing 
anything  other  than  sewage  in  their  sewers.  The  operation  and 
maintenance  of  sewage  conveyance  systems  need  active 
preventive  maintenance  and  sound  pipeline  engineering  input.  If 
proper  standard  of  care  is  not  practiced,  it  is  only  a  matter  of  time 
until  major  problems  will  manifest  and  the  sewer  lease  fee  paid  by 
a  fiber  installer  to  city  hall  will  amount  to  nothing  compared  to 
the  cost  the  public  will  have  to  bear  to  return  the  sewers  back  to 
normal.  Historical  lessons  learned  more  than  100  years  ago  in  the 
Paris  sewer  tunnels  when  engineers  attempted  to  place  more  than 
one  utility  in  the  same  space  must  be  studied  thoroughly  so  as  not 
to  repeat  the  same  mistakes. 

A  new  committee  formed  within  the  Collection  Systems 
Committee  (CSC)  of  the  Water  Environment  Federation  has 
conveyed  most  of  these  concerns  among  the  sewer  agencies  in  a 
letter  to  Committee  F36  and  have  requested  that  these  are 
addressed  in  the  standards  under  development.  Here  is  a  sampling 
of  their  concerns: 

•  The  extent  to  which  hydraulic  characteristics  of  the  sewer 
would  be  altered  when  optical  cables  and  the  fasteners  are 
introduced  needs  to  be  assessed  by  physical  tests. 

•  These  cables  also  would  restrict  many  of  the  tools  used  for 
routine  sewer  monitoring,  operation  and  maintenance. 


•  The  corrosive  effects  of  the  sewage  on  the  cables  and 
fasteners  and  their  longevity  need  to  be  addressed  through 
extensive  research. 

•  Debris,  rags,  and  grease  are  likely  to  accumulate  at  a  faster 
rate,  causing  blockage. 

•  Consensus  standards  need  to  address  how  to  select  suitable 
sewers,  design,  installation,  operation,  and  maintenance 
considering  the  technology  used  for  fiber  installation,  pipe 
wall  material,  size,  applications,  and  how  laterals  are 
connected  to  the  mainline  sewers. 

•  Debris  accumulates  at  the  interior  protrusions  of  the 
manholes  when  surcharged.  How  would  this  be  handled  if 
valuable  telecom  gear  and  customer  connection  gear  were 
housed  in  these  manholes? 

•  And  most  importantly,  how  would  it  affect  the  current 
functions  of  the  sewer  if  additional  fiber  companies  want  to 
install  their  cables  in  the  same  sewers  at  a  later  time? 

•  The  following  attributes  make  one  technology  much  different 
from  another: 

a.  The  size  range  of  sewers  each  robot  or  other 
technique  can  work  in, 

b.  The  sewer  wall  materials  in  which  these  robots  can  be 
employed, 

c.  The  composition  and  engineering  properties  of  the 
deployment  components, 

d.  The  cost  of  the  materials  of  deployment, 

e.  The  cost  of  labor  for  each  method, 

f.  The  set  up  time  for  each  technology, 

g.  The  rate  of  production  for  each  technology, 

h.  The  ability  of  the  optical  cable  owner  to  replace  an 
installed  cable, 

i.  The  ability  to  use  existing  technology  to  clean  the 
sewers, 

j.  The  ability  of  the  sewer  owner  to  inspect  the  sewers 
using  current  technology, 

k.  The  ability  of  the  sewer  owner  or  their  contractor  to 
maintain  the  sewers,  and 

l.  Most  importantly:  How  an  engineer  licensed  to 
practice  goes  about  choosing  the  suitable  sewers. 

SEWER  SELECTION  CRITERIA 

As  an  example,  let  us  address  one  of  the  most  pressing  issues  in 
every  sewer  owners'  heart  at  the  present  time.  If  we  were  to 
consider  allowing  optical  fiber  cables  in  existing  sewers,  what 
criteria  should  a  fiber  cable  installer  use  to  select  the  sewers  that 
are  suitable  for  optical  fiber  deployment?  Operating  an  optical 
fiber  network  in  the  sewers  poses  its  own  challenges.  Proper  civil 
engineering  input  is  essential  for  the  selection  of  the  suitable 
sewer  system  for  deployment.  The  factors  to  consider  in  selecting 
the  right  sewer  path  are: 

1.  Access  to  the  Sewer 

The  primary  access  to  the  sewer  for  fiber  cable  installation  using 
either  a  robot  or  other  means  is  through  the  manholes  at  both  ends 
of  the  reach.  It  is  desirable  that  the  length  of  the  reach  is  shorter 
than  what  is  reachable  by  the  umbilical  cable  needed  for  the 
supply  of  air,  electricity,  and  communications  circuits.  If  man- 
accessible  pipes  were  chosen,  then  this  limitation  would  not 
apply. 
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2.  Hydraulics  of  the  Sewer 

Given  the  ubiquity  of  infiltration  and  inflow  (I/I)  problems,  sewer 
designers  have  been  able  to  count  on  only  85  percent  of  the  actual 
flow  area  to  convey  the  flow.  The  impact  of  optical  fiber  cables, 
their  fasteners,  and  other  deployment  parts  on  flow  characteristics 
need  to  be  evaluated  by  running  physical  hydraulic  studies  with 
and  without  such  components.  Hydraulic  studies  of  the  flow 
conditions  under  the  worst  possible  scenario  based  on  past  flow 
records  in  that  sewer  also  needs  to  be  done  before  the  sewer  is 
considered  for  optical  fiber  cable  installation. 

3.  Structural  Capacity  of  the  Sewer 

An  evaluation  of  the  structural  capacity  of  the  sewer  to  carry  the 
soil  load,  groundwater  load,  and  live  load  needs  to  be  conducted. 
This  is  to  ensure  that  the  current  condition  of  the  sewer  is 
adequate  to  house  the  optical  fiber  network. 

4.  Sewer  Cleaning  After  Installation  of  Optical  Fiber  Cable 
Sewrers  need  to  be  cleaned  periodically  as  part  of  their 
maintenance.  Once  optical  fiber  cables  are  installed  in  the  sewer, 
special  precautions  must  be  taken  in  choosing  and  applying 
suitable  cleaning  methods  that  would  not  cause  damage  either  to 
the  sewer  wall  or  the  optical  fiber  cables. 

5.  Sewer  Inspection  After  Installation  of  Optical  Fiber  Cable 
Periodic  maintenance  of  the  sewer  will  also  involve  inspection  of 
the  internal  condition  of  the  sewer  system  once  the  optical  fiber 
cables  are  installed.  Special  precautions  need  to  be  taken  in 
choosing  and  applying  suitable  technology  for  sewer  system 
inspection  in  order  not  to  cause  damage  to  either  the  sewer  walls 
or  the  optical  fiber  cables. 

6.  Sewer  Maintenance  After  Installation  of  Optical  Fiber  Cable 
Sewers  require  periodic  maintenance  involving  anything  from 
point  repairs,  grouting  and  relining,  to  total  replacement.  The 
current  condition  of  the  sewer  system  and  its  need  for  repair  or 
rehabilitation  during  the  design  life  of  the  optical  fiber  network 
must  be  carefully  evaluated. 

7.  Compatibility  of  the  Sewer  Wall 

It  is  not  possible  to  work  with  certain  sewer  wall  materials 
depending  on  the  fiber  installation  technology  used,  and  so  the 
materials  will  need  to  be  evaluated. 

8.  Presence  of  Excessive  Grease  in  the  Sewer 

Sections  of  pipe  that  have  grease  accumulations  of  more  than  a 
suitable  thickness  within  one  year  of  cleaning  should  not  be 
considered  candidates  for  fiber  optic  system  installation  until 
proper  remedial  action  is  taken. 

9.  Presence  of  Excessive  Chemical  Reagents  in  the  Sewage 
Sewage  carries  many  chemical  reagents  and  the  compatibility  of 
fiber  deployment  materials  and  components  with  all  such 
chemicals  needs  to  be  tested. 

/  0.  Presence  of  Excessive  Calcium  Deposits  on  the  Sewer  Walls 
Fiber  optic  systems  should  not  be  deployed  in  sewers  with 
excessive  calcium  deposition. 

1 1.  Presence  of  Joint  Separations/Offsets 

Joint  separations/offsets  can  lead  to  both  infiltration  and 

exfiltration.  Structural  damage  to  the  sewer  may  result  from  pipe 


bedding  material  being  transported  into  the  pipe.  Enough  care 
should  be  exercised  when  such  sew'ers  are  encountered  before 
these  are  chosen  for  optical  fiber  deployment. 

1 2.  Presence  of  Excessive  Root  Intrusion 

Sewers  should  be  free  of  excessive  root  intrusion  to  be  eligible  for 
installation  of  a  fiber  optic  system. 

13.  Condition  of  the  Manholes 

Manholes  should  be  in  an  acceptable  physical  condition  for  that 
sewer  system  to  be  used  for  fiber-optic  cable  installation. 

1 4.  Condition  and  Frequency  of  Lateral  Connections 

The  condition  of  the  lateral  connections  to  the  mainline  sewer  is 
important  both  to  the  hydraulic  functioning  of  the  sewer  and  to  the 
installation  and  operation  of  the  optical  fiber  network. 

The  selection  criteria  to  use  for  natural  gas  mains  would  differ 
from  the  above  and  will  be  reported  by  the  author  in  detail 
elsewhere. 

CONCLUSIONS 

1.  The  installation  of  optical  fiber  cables  inside  of  sewers  and 

gas  pipes  is  a  major  break  through  in  sharing  the 

underground  space  to  form  utility  corridors. 
Telecommunication  companies  need  to  address  all  the 
concerns  associated  with  using  existing  pipes,  before  wide 
spread  fiber  deployment  could  proceed. 

2.  Working  in  the  sewer  will  affect  the  health,  safety,  and 

welfare  of  the  people  we  serve  and  any  shortsighted 

approach  to  selecting  the  suitable  sewers  or  gas  pipes  for 
installing  and  operating  optical  fiber  cable,  would  expose  all 
those  in  this  new  industry  to  an  enormous  liability. 
Developing  sound  engineering  standards  to  guide  this  new 
industry  falls  well  within  this  obligation. 

3.  The  first  mover  advantage  is  there  for  certain  companies. 
Once  established  as  a  leader,  the  odds  are  in  favor  for  that 
company  staying  the  leader.  This  is  true  provided  the 
management  of  that  company  is  nimble,  is  re-inventing  itself 
with  changing  times  and  is  continuing  to  add  the  best  talent 
available  in  its  workforce. 

4.  The  factors  which  will  continue  to  provide  momentum  for 
the  market  are: 

•  Aging  underground  infrastructure 

•  Doing  more  work  with  less  funds 

•  Protecting  the  environment 

•  Increasing  congestion  in  urban  and  suburban  centers 

•  Faster  rate  of  technology  transfer  and  information 

•  Privatization  of  utility  companies 

5.  More  emphasis  will  be  placed  on  evaluating  the  current 
condition  of  the  entire  pipeline  network  for  cost  effective 
spot  maintenance  and  renovation  strategies. 

6.  Not  all  sewers  and  gas  pipes  are  amenable  for  installing 
optical  fiber  cables  and  companies  which  support  strong 
engineering  talent  on  their  staff  will  focus  their  attention  to 
those  lines  which  would  satisfy  proper  engineering  criteria. 

7.  The  deployment  of  optical  fiber  cables  in  existing  pipelines 
offers  a  win-win  situation  for  all  parties  involved  if  proper 
standard  of  care  is  afforded.  However,  working  in  sewers 
and  natural  gas  pipes  requires  sound  pipeline  engineering 
input  and  anything  less  than  that  would  be  shortsighted.  If 
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telecommunication  companies  did  not  follow  proper 
engineering  know-how,  it  would  only  be  a  matter  of  time 
before  we  will  face  major  problems  and  the  cost  to  return 
these  sewers  and  gas  lines  to  normal  working  order  would  be 
far  greater  than  the  lease  revenue  fiber  installers  are  offering 
at  the  present  time. 

8.  For  telecom  carriers  and  network  service  providers,  it’s  a 
true,  end-to-end  last-mile  optical  fiber  network,  which  they 
could  control.  For  sewer  and  gas  pipe  owners,  it’s  a  unique 
and  powerful  economic  development  tool,  providing  added 
revenue  from  an  existing  infrastructure,  and  of  course 
protection  from  most  damage  to  roads  and  disruptions  to 
traffic.  And  for  building  owners,  it  provides  a  major  upgrade 
for  their  buildings  for  free,  and  that  brings  extra  value  to  the 
buildings. 

9.  The  author  is  spearheading  a  Task  Committee  within  ASCE 
to  develop  Engineering  Guidelines  on  Installing  and 
Operating  Optical  Fiber  Cables  in  Sewers.  Likewise,  he  is 
leading  standardization  efforts  within  ASTM  International. 
Anyone  with  information,  data,  or  case  histories  that  would 
help  these  committees  cany  out  their  mission  is  invited  to 
present  them  to  the  author  for  possible  inclusion. 
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Abstract 

The  use  of  various  types  of  sewer  pipes  is  an  attractive 
alternative  for  the  installation  of  fiber  optical  cables  in  the 
complex  infrastructure  of  cities.  A  new  development  uses 
robots  to  attach  the  cable  to  the  sewer  wall  Armored  cable  is 
required  for  these  installations  to  provide  mechanical  strength 
during  installation  and  rodent  and  chemical  protection  after 
installation.  This  paper  will  provide  data  on  the  incorporation 
of  either  coated  steel  or  coated  stainless  steel  in  a  bonded  sheath 
configuration  as  a  chemical  barrier  to  moisture,  acids,  bases, 
fuels  and  hydrogen  sulfide  that  may  be  present  in  the  sewer 
environment. 

Keywords 
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1.  Introduction 

The  challenge  facing  many  telecommunication  operators  and 
cable  installers  is  how  to  install  cables  in  cities  without 
disrupting  normal  activities.  Digging  is  not  only  disruptive  to 
neighborhoods  and  traffic  flow,  but  oftentimes  impractical 
because  of  the  cost  and  time  involved  to  get  permits  from  civil 
authorities.  Directional  drilling  brings  other  risks,  the  most 
important  being  the  potential  damage  to  the  infrastructure  of 
other  utilities.  Thus  the  use  of  sewer  pipes  is  an  attractive 
alternative  to  the  complexities  of  installation  in  cities.  The 
sewers  provide  convenient  pathways  to  potential  customers. 
There  is  another  positive  factor  for  the  cities  and  other  public 
entities  in  that,  as  owners  of  the  sewers,  they  can  reap  additional 
revenue  from  their  properties. 

Laying  of  fiber  optical  cable  inside  small  diameter  sewer  pipes 
is  a  relatively  new  advancement  in  the  technology  associated 
with  deployment  of  fiber  optical  networks.  The  development  of 
robotic  methods  has  facilitated  the  growth  in  the  use  of  sewer 
systems  for  fiber  networks  in  city  infrastructures.  One  method 
of  installation  uses  the  robot  to  install  ring  clamps  every  1.5 
meters.1  The  rings  spring  open  and  expand  to  tightly  fit  the 
interior  of  the  pipe.  The  top  of  the  ring  has  a  series  of  clamps 
designed  to  hold  conduit.  The  conduit  is  a  stainless  steel  tube 
which  is  clipped  in  place  by  the  robot.  This  conduit  houses  the 
fiber  optical  cable. 

A  newly  developed  method  for  sewer  installation  uses  a  robot  to 
attach  an  armored  fiber  optical  cable  directly  to  the  sewer  pipe 


using  hangers.  The  robot  simultaneously  installs  the  hangers 
and  the  cable  to  the  top  of  the  sewer 2  This  method  of 
installation  is  suitable  for  sanitary  or  storm  sewers  and  requires 
the  use  of  armored  cable  to  provide  mechanical,  chemical  and 
rodent  protection  for  the  fibers  in  the  core  of  the  cable.  The 
purpose  of  this  paper  will  be  to  describe  the  chemical  resistance 
of  a  bonded  or  laminate  sheath  construction  in  a  sewer 
environment.  The  use  of  sanitary  sewers  will  require  certain 
levels  of  chemical  resistance  including  resistance  to  hydrogen 
sulfide,  for  example.  The  use  of  cables  in  storm  sewers  will 
require  moisture  resistance  as  well  as  resistance  to  fuels,  such  as 
diesel  fuel,  which  may  contaminate  the  water  runoff. 

Installation  of  cable  in  various  types  of  sewers  will  also  require 
the  cable  to  provide  mechanical  protection  and  rodent 
resistance.  The  rodent  resistance  of  cables  armored  with  0.15 
mm  (6  mil)  coated  steel  or  0.125  mm  (5  mil)  coated  stainless 
steel  has  been  well  documented.3  Likewise,  the  mechanical 
properties  of  armored  cables  have  been  well  documented.4  The 
mechanical  properties  provided  by  the  bonded  sheath  make  it 
suitable  for  the  robotic  installation  process  in  sewers. 

Another  beneficial  aspect  of  the  bonded  sheath  is  a  significant 
reduction  in  the  thermal  shrinkage  and/or  expansion  of  the 
jacket  due  to  the  fact  the  jacket  is  bonded  to  the  armor.  There  is 
a  possibility  that  some  sewer  lines  may  periodically  receive 
discharges  of  high  temperature  effluent.  The  bonded  sheath 
helps  resist  the  potential  for  fiber  stress  induced  by  large 
temperature  fluctuations. 

When  integrated  into  a  bonded  sheath  construction,  the  coated 
steel  or  stainless  steel  prevents  attacks  by  rodents  from 
penetrating  the  cable  core  while  providing  the  chemical 
moisture  barrier.  Cables  armored  with  coated  steel  or  coated 
stainless  steel  have  been  shown  to  be  equally  resistant  to  rodents 
in  various  tests  using  live  rodents.  The  armor  was  not 
penetrated  in  any  of  the  tests.  A  key  feature  of  cables  with 
bonded  armors  is  the  ability  of  the  sealed  overlap  to  prevent  the 
rodent  from  prying  it  open.  This  prevents  the  rodent  from 
entering  the  cable  core  without  penetrating  the  armor.  Thus,  a 
properly  sealed  overlap  prevents  rodent  entry  while  the  bonded 
jacket  also  serves  to  improve  rodent  resistance  by  making  it 
more  difficult  for  the  rodent  to  remove  the  cable  jacket  and 
cause  damage  over  a  larger  area. 
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The  corrosion  resistance  of  coated  steel  and  coated  stainless  steel 
are  provided  in  different  ways.  For  the  coated  steel  the  coatings 
have  a  chemical  bond  to  the  steel  that  is  moisture  resistant.5  The 
coatings  control  the  rate  of  corrosion  and  prevent  the  corrosion 
mechanisms  of  differential  areation  or  differential  concentration 
cells  from  working.  Thus,  coated  steel  provides  excellent 
corrosion  protection  in  a  sewer  environment  because  of  its  ability 
to  control  the  rate  of  corrosion. 


tapes  bonded  to  a  plastic  jacket  or  oversheath.  Such  a  construction 
is  commonly  referred  to  as  bonded  or  laminate  sheath.  The  tapes 
are  applied  longitudinally  and  frequently  serve  a  dual  function  by 
providing  mechanical  protection  as  well  as  chemical  and  moisture 
protection.  The  bonded  sheath  cable  may  have  several 
components.  These  are  jacket,  metallic  tape  as  shield  or  armor 
and  chemical-moisture  barrier,  sealed  overlap,  inner  jacket,  the 
cable  core. 


Coated  stainless  steel  provides  corrosion  protection  in  a  different 
way.  The  coatings  also  serve  as  an  environmental  barrier  and  to 
facilitate  the  formation  of  the  bonded  sheath  while  the  stainless 
steel  provides  inherent  corrosion  resistance.6  Coated  stainless  is 
generally  used  in  highly  corrosive  environments  where  there  is  the 
possibility  of  extensive  rodent  or  insect  damage. 

2.  Installation  in  Sewers 

The  first  step  before  installation  of  the  cable  into  sewers  is  to  use  a 
special  vehicle  to  clean  the  sewer  using  high  pressure  water.  After 
the  cleaning  step  the  sewer  is  inspected  using  a  television  camera. 
Areas  that  are  found  to  be  defective  are  then  repaired.  The  optical 
fiber  cable  is  laid  into  the  sewer.  A  special  robot  is  then  used  to 
fix  the  cable  to  the  top  of  the  sewer  wall.  The  robot  uses  a  special 
drilling  tool  to  cut  a  hole  6  mm  in  diameter  and  15  mm  in  depth 
into  any  type  of  pipe  material.  After  this  step,  a  specially  designed 
corrosion  resistant  anchor/hook  combination  is  lifted  and  pushed 
into  the  drilled  hole.  The  anchors  are  spaced  1  meter  apart.  The 
cable  fits  into  the  hook  portion  of  the  anchor  and  is  simultaneously 
installed  as  the  robot  moves  along  the  sewer  placing  the  anchors. 
The  installed  cable  presents  minimum  obstacles  to  liquid  flow  in 
the  sewer.  The  plastic  construction  of  the  anchor  reduces  the  risk 
of  corrosion.  The  sewer  pipes  can  be  continuously  monitored  for 
gas  concentration  during  installation.  In  the  case  of  pipes  made  of 
polyethylene,  a  special  welding  tool  is  used  to  fix  the  anchors  to 
the  pipe. 

Along  with  the  cable  installation  technology  a  special  jointing 
technology  has  been  developed  to  allow  installation  of  the  cable  in 
potentially  explosive  atmospheres.  The  joint  is  installed  on  the 
wall  of  the  manhole  in  a  location  that  won’t  adversely  affect 
working  in  the  manhole.  The  joint  is  made  from  stainless  steel  to 
offer  resistance  to  chemical  attack.  A  gasket  system  protects  the 
inside  of  the  joint  from  all  liquids.  The  cable  is  sealed  against 
liquids  where  the  cable  enters  the  joint.  The  joint  is  designed  to 
allow  cable  management  as  the  need  for  additional  fiber  increases. 

Several  installations  of  fiber  cable  in  sewers  in  cities  in  the  USA, 
Canada  and  Germany  have  taken  place.  These  installations  vary 
in  speed  depending  on  the  conditions  of  the  sewer  ranging  from 
200  -  400  m  per  8-hour  shift.  The  various  advantages  of  sewer 
installations  have  been  observed  during  these  installations 
including  no  digging  in  the  city  infrastructure,  no  disruption  to 
traffic  or  neighborhoods,  relatively  low  cost  and  a  rapid  return  on 
investment. 


The  bonded  sheath  derives  its  chemical  and  moisture  resistant 
properties  from  the  use  of  plastic  coated  metallic  armoring  tapes. 
The  coatings  on  these  tapes  allow  the  tape  to  be  heat  bonded  to  the 
cable  jacket  while  the  jacket  is  being  extruded  during  cable 
production.  The  forming  of  the  coated  tape  longitudinally  around 
the  cable  core  results  in  an  overlap.  Sealing  of  this  overlap  with 
the  coatings  or  a  hot  melt  adhesive  reduces  the  area  through  which 
chemicals  and  moisture  can  enter  the  core  to  a  restricted  path 
determined  by  the  thickness  of  the  overlap  and  the  width  of  the 
overlap.  The  sealed  overlap  forms  a  “torturous  path”  for  moisture 
and  chemicals,  thereby  blocking  their  entrance  into  the  cable.  The 
sealing  and  bonding  effectively  incorporates  the  metallic 
component  of  the  laminate  into  the  cable  sheath  as  an  impervious 
barrier  to  chemical,  moisture,  and  ions.  In  addition,  the  bonded 
jacket  eliminates  the  moisture  path  between  jacket  and  shield. 
Thus  the  combination  of  a  bonded  jacket  and  a  sealed  overlap 
results  in  essentially  a  metal  lined  plastic  pipe  which  provides  and 
excellent  barrier  to  the  ingress  of  chemicals  and  moisture. 

3.2  Laminate  Results: 

3.2.1  Heat  Seal  Tests:  As  previously  noted,  the  sealed 
overlap  is  the  primary  defense  against  chemicals.  A  laboratory 
test  uses  a  heat  sealer  to  prepare  a  sample  that  represents  the 
sealed  overlap.  This  sample  is  placed  in  a  container  of  the 
chemical  and  then  tested  for  heat  seal  strength  after  aging.  The 
heat  seal  is  accomplished  with  a  bar  heated  to  300°F  (150°C).  The 
time  for  the  seal  is  2  seconds  and  the  pressure  is  40  psig.  The  heat 
seal  represents  the  overlap  of  the  cable.  The  dimensions  of  the 
sealed  area  are  25  mm  x  25  mm  (1  inch  by  1  inch). 

The  results  for  the  heat  seal  test  with  coated  steel  after  aging  in 
ASTM  Fuel  C  at  room  temperature  are  shown  in  Table  1.  The 
heat  seal  of  the  coated  steel  is  basically  unaffected  by  exposure  to 
the  chemical.  This  test  is  more  severe  than  actual  cable  in  that  4 
edges  are  exposed  to  the  chemical  as  opposed  to  only  one  edge  in 
cable,  i.e.,  the  seam  of  the  overlap. 


Table  1.  Heat  Seal  Adhesion  Initial  and  After 
_ Aging  in  ASTM  Fuel  C _ 


Average  Heat  Seal  Strength,  N/km  flb/in)  | 

Time 

Coated  Steel 

Initial 

29.7 

(17.0) 

7  days 

32.2 

(18.4) 

28  days 

27.5 

(15.7) 

63  days 

28.5 

(16.3) 

3.  Chemical/Moisture  Barrier  Sheath 

3.1  Concept 

The  technology  to  protect  cable  from  chemicals  and  moisture 
consists  of  a  sheath  design  based  on  the  use  of  plastic  coated  metal 


Subsequent  tests  in  other  chemicals  gave  basically  the  same 
results.  Therefore,  additional  data  from  heat  seal  tests  will  not 
be  included  in  the  paper. 
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3.2.2  Jacket  Bond  Tests:  The  jacket  bond  test  is  used  in  the 
laboratory  to  simulate  the  bond  between  a  coated  metal  and  a 
polymeric  jacket  or  oversheath.  The  samples  are  prepared  by 
laminating  a  premolded  plaque  of  jacket  to  a  sheet  of  the  coated 
metal.  Typically  the  work  is  done  in  a  molding  press  set  to 
180°C.  A  film  of  polyester  is  inserted  between  the  coated  metal 
and  jacket  plaque  at  one  end  to  allow  a  tab  to  be  obtained.  The 
plaque  is  cut  into  25  mm  (one  inch)  strips.  For  bond  testing  one 
tab  of  the  strip  is  inserted  into  one  jaw  of  a  tensile  tester  and  the 
other  tab  of  the  strip  is  inserted  into  the  other  jaw  of  the  tensile 
tester.  The  coated  metal  is  separated  from  the  jacket  at  an  angle 
of  180°.  The  force  to  separate  the  coated  metal  at  50  mm  (2 
inches)/min  is  recorded.  The  interface  of  separation  of  the 
components  is  also  noted. 

The  results  of  the  jacket  bond  test  for  coated  steel  in  ASTM 
Fuel  C  are  shown  in  Table  2.  There  is  some  reduction  in  bond 
strength,  which  follow  changes  in  the  interface  of  separation. 
Initially  the  separation  is  between  the  metal  and  the  jacket 
(coating  remains  on  the  metal).  After  aging  the  interface 
changes  to  a  cohesive  mode  where  there  was  failure  in  the 
coating  with  separation  from  both  interfaces.  For  a  plastic  to 
plastic  bond,  such  behavior  would  be  expected  as  the  chemical 
penetrates  (permeates)  the  jacket  and  eventually  is  stopped  by 
the  metallic  barrier.  A  concentration  of  chemical  in  the 
interface  could  soften  the  plastic  materials  and  lead  to  cohesive 
separation. 


Table  2.  Jacket  Bond  Adhesion  Initial  Values  and 
_ After  Aging  in  ASTM  Fuel  C  at  23°C _ 


1  Jacket  Bond  Strength,  N/m  (lb/in)  to  LLDPE  Resin  | 

Time 

Coated  Steel  1 

Initial 

31.7 

(18.1)M 

7  days 

41.1 

(23.5)J 

28  days 

29.2 

(16.7)C 

63  days 

24.7 

(14.1)C 

M  =  Denotes  separation  of  the  bond  occurred  at  the  metal-coating 
interface. 


J  =  Denotes  separation  of  the  bond  occurred  at  the  jacket-coating 
interface. 

C  =  Denotes  separation  occurred  at  both  the  metal-coating  and  the 
jacket-coating  interfaces. 

To  simulate  a  sewer  environment,  another  set  of  chemicals  in 
liquid  form  were  used  to  test  for  jacket  bond.  The  potential  exists 
for  exposure  of  the  cable  to  ground  water  that  has  been 
contaminated  with  acids,  bases  and  fuels.  For  the  acid  a  0.1 
normal  hydrochloric  acid  was  chosen  and  for  the  base  a  0.1 
normal  sodium  hydroxide  was  chosen.  Spills  or  seepage  from 
tanks  or  piping  systems  are  the  most  frequent  sources  of  fuels  such 
as  diesel  fuel.  A  100%  solution  was  chosen.  From  the  sanitary 
sewer  point  of  view  a  potential  contaminate  would  be  hydrogen 
sulfide.  A  hydrogen  sulfide  water  containing  about  4%  hydrogen 
sulfide  was  used  for  the  tests. 

The  results  are  shown  in  Table  3.  The  jacket  bond  was  unaffected 
by  any  of  the  chemicals  through  60  days  of  aging.  This  indicates 
good  resistance  of  the  bonded  sheath  to  various  chemicals. 


Table  3.  Jacket  Bond  Strength  of  Coated  Steel 
Laminate  in  Various  Chemicals  Versus 


Days  of  Aging  at  23°C 


Jacket  Bond  Strength  in  N/cm  (lb/in) 

Chemical 

Initial 

30 

60 

Water 

51.8 

(29.6) 

56.4 

(32.2) 

54.6 

(31.2) 

0.1NHC1 

51.8 

(29.6) 

53.5 

(30.5) 

53.2 

(30.9) 

O.INNaOH 

51.8 

(29.6) 

53.8 

(30.7) 

53.6 

(30.6) 

Diesel  Fuel 

51.8 

(29.6) 

42.2 

(24.4) 

50.2 

(28.7) 

Hydrogen 

Sulfide 

51.8 

(29.6) 

57.3 

(32.7) 

59.1 

(33.7) 

Note:  All  bond  separations  were  at  the  metal-coating  interface. 


3-3  Chemical  Resistance  of  Bonded 
Cable 

Field  experience  has  shown  that  the  chemical/moisture  barrier 
sheath  is  effective  to  protect  cable  in  direct  buried  and  duct 
applications  in  chemical  plants  and  refineries.7  An  instrument 
cable  design  using  the  bonded  sheath  concept  dates  from  the  mid- 
1 970’s  for  direct  burial  applications  in  chemical  plants  and 
refineries.  A  low  density  polyethylene  jacket  bonded  to  a 
copolymer  coated,  8  mil  aluminum  tape  formed  the  bonded 
sheath.  Besides  the  benefit  of  chemical  resistance,  the  sheath 
offered  the  additional  benefits  of  improved  mechanical  properties 
and  shielding  against  lightning. 

Long-term  tests  simulating  direct  burial  of  this  sheath  design  were 
run  to  test  for  chemical  resistance.8  Samples  of  the  cable  were 
placed  in  barrels  and  covered  with  sand.  The  sand  was  then 
saturated  with  various  chemicals.  Make-up  chemicals  were  added 
periodically  and  electrical  continuity  of  the  conductors  was 
checked  continuously.  Tests  of  the  physical  properties  of  the 
cable  materials  were  performed  annually  for  two  years. 

The  retention  of  adhesive  seal  strength  in  the  overlap  of  the 
longitudinally  folded  tape  was  used  as  a  measure  of  chemical  and 
moisture  resistance  for  the  cables  tested  in  simulated  chemical 
environments.  To  measure  seal  strength,  a  section  of  sheath 
containing  the  overlap  was  removed  from  the  cable.  A  die  was 
used  to  produce  a  test  specimen  of  the  overlap  approximately  6 
mm  wide  and  150  mm  long.  The  overlap  was  then  separated  for 
approximately  25  mm  to  allow  it  to  be  fitted  into  the  upper  and 
lower  clamps  of  a  tensile  machine.  The  test  was  conducted  at  a 
rate  of  separation  of  50  mm/min. 

As  shown  in  Table  4,  the  overlap  seal  strength  was  retained  after 
two  years  of  exposure  to  all  chemicals  tested.  Thus  the 
longitudinally-formed  metallic  tape  with  a  sealed  overlap 
functioned  as  a  chemical  barrier  preventing  penetration  of 
chemicals  into  the  cable  core.  Tensile  tests  of  the  inner  jacket  and 
conductor  insulation  showed  that  their  physical  properties  were 
unchanged  and  industry  specifications  were  met  in  all  cases.  The 
physical  properties  of  the  outer  jacket  were  generally  lower  than 
the  original  values,  but  the  jacket  was  still  functional. 

Similar  results  were  obtained  in  another  study  using  essentially  the 
same  procedure  except  cable  samples  were  exposed  for  one  year 
to  sand  saturated  with  sulfuric  acid,  ammonium  hydroxide,  sodium 
chloride  solution  (simulating  sea  water),  benzene,  wood 
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preservative  (19%  creosote  oil),  and  water  (complete 
submersion).9 


TABLE  4.  Seal  Strength  of  Overlap  of  Bonded 
Sheath  Cable  Exposed  for  Two  Years  to  Various 
_  Chemicals 


Chemical 

N/cm  (Ib/inch)  90°  Peel  Test  1 

1  Year 

2  Years 

Control 

21.9 

(12.50) 

23.1 

(13.20) 

Mineral  Spirits 

24.0 

(13.71) 

21.5 

(12.24) 

ASTM  #3  Oil 

24.2 

(13.81) 

20.7 

(11.80) 

460  Solvent 

26.7 

(15.25) 

21.9 

(12.52) 

Mixture* 

31.1 

(17.74) 

19.3 

(11.00) 

Water 

23.8 

(13.60) 

24.0 

(13.67) 

*50%  mineral  spirits,  25%  460  solvent,  25%  A  STM  #3  oil. 


To  simulate  exposure  of  an  actual  fiber  optical  cable  to  some  of 
the  chemicals  that  might  be  encountered  in  a  sewer  environment,  a 
test  was  devised  for  screening  of  cable  specimens.  The  cable 
specimen  was  a  commercial  fiber  optical  cable  which  consisted  of 
a  core  tube  construction  containing  12  fibers.  The  core  was 
enclosed  in  aramid  fibers  then  armored  with  corrugated  coated 
steel.  A  final  medium  density  polyethylene  jacket  completed  the 
bonded  sheath  construction.  The  specimen  was  about  400  mm 
long.  It  was  then  bent  into  the  shape  of  a  “IT  around  a  mandrel 
which  was  6  times  that  of  the  overall  diameter  of  the  cable  of  12 
mm.  The  ends  of  the  specimen  were  sealed  with  tape  and  the 
sample  of  cable  was  then  immersed  in  various  chemicals  for  30 
and  60  days  at  room  temperature.  Fluid  level  was  brought  to 
within  25  mm  of  the  cable  ends.  After  exposure  the  samples  were 
removed  from  the  specific  chemical  and  the  jacket  bond 
determined  in  the  circumferential  direction  according  to  ASTM 
D4565. 

The  results  are  shown  in  Table  5.  For  the  specimens  in  water ,  0.1 
normal  hydrochloric  acid,  0.1  normal  sodium  hydroxide,  diesel 
fiiel  and  hydrogen  sulfide  water,  there  is  essentially  no  change  in 
initial  bond  strength.  This  indicates  that  the  bonded  sheath  is 
maintaining  its  bond  (and  hence  chemical  resistance)  in  the 
presence  of  these  particular  chemicals.  There  appears  to  be  good 
correlation  between  the  laminate  jacket  bond  data  of  Table  4  and 
the  cable  data  of  Table  5. 


TABLE  5.  Circumferential  Jacket  Bond  Strength 
of  Bonded  Sheath  Cable  in  Various  Chemicals 
_ Versus  Days  of  Aging  at  23.°C _ 


- * - J  -J  —  w _ 

Jacket  Bond  Strength  in  N/cm  (lb/in)  1 

Chemical 

60 

Water 

MsIM 

32.3 

KUBl 

0.1NHC1 

iifl 

Htun 

■diiii 

nrcisi 

O.INNaOH 

EH 

■uaiM 

Bn 

KBSl 

mm 

Diesel  Fuel 

33.4 

mmm 

338 

IfEEI 

28.6 

Hydrogen 

Sulfide 

.  All  i _ ] 

28.9 

m 

36.4 

Note:  All  bond  separations  were  at  the  jacket-coating  interface. 


4.  Conclusions 

The  bonded  sheath  with  coated  steel  or  coated  stainless  steel  can 
provide  sufficient  chemical  protection  to  fiber  optical  cable 
installed  in  sewers.  The  bonded,  or  laminate  sheath  incorporates  a 


longitudinally  formed  coated  steel  or  stainless  steel  into  an 
impervious  chemical  barrier  with  a  sealed  overlap  that  provides  a 
tortuous  path  resistant  to  permeation  of  chemicals  into  the  cable 
core.  Data  developed  through  aging  studies  show  that  the  bonded 
sheath  protects  the  fiber  core  from  moisture,  acids,  bases, 
hydrogen  sulfide  and  diesel  fuel.  These  chemicals  or  others 
similar  to  them  may  be  expected  as  contaminates  in  the  effluent 
present  in  storm  or  sanitary  sewers. 

The  cable  can  be  installed  directly  into  sewers  using  a  robot.  The 
robot  cuts  a  hole  in  the  top  of  the  sewer  for  an  anchor,  then  installs 
the  anchor  in  the  pipe  and  simultaneously  places  the  cable  into  a 
cradle  in  the  anchor.  The  robot  can  install  cable  at  a  rate  of  up  to 
800  m/day  in  two  shifts.  The  installed  cable  presents  minimal 
obstacles  to  liquid  flow  in  the  sewer.  A  special  jointing 
technology  seals  the  cable  splices  against  liquids  and  allows  for 
cable  management  as  needed  to  meet  network  demand. 

The  bonded  sheath  with  coated  steel  or  stainless  steel  provides  the 
cable  with  sufficient  mechanical  strength  to  preserve  the  integrity 
of  the  chemical  barrier  during  installation.  Bonding  provides 
additional  moisture  and  chemical  protection  by  providing  a  water 
block  in  the  armor-jacket  interface  that  is  not  affected  by  bending, 
handling  or  aging. 

The  bonded  sheath  with  coated  steel  or  coated  stainless  steel 
provides  rodent  protection  to  the  cable  core.  This  metallic  barrier 
to  rodents  is  supplemented  by  the  sealed  overlap  which  prevents 
rodent  entry  through  the  overlap  area  and  by  the  jacket  bond 
which  greatly  restricts  the  ability  of  the  rodent  to  strip  the  jacket 
from  the  cable. 
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Abstract 

Systems  are  described  where  loose  bundles  of  7  and  10  mm  mini¬ 
tubes  are  jetted  into  ducts.  In  these  mini-tubes,  which  can  be 
coupled  together  into  long  routes  including  branches,  micro-cables 
with  up  to  72  fibers  each  can  be  jetted  in.  These  high  performance 
mini-tubes  allow  jetting  of  the  cables  over  2500  m  (8000')  per  single 
blow,  thus  offering  the  possibility  to  upgrade  old  ducts.  Bundles  of 
mini-tubes  can  also  be  installed  in  ducts  occupied  with  one  or  more 
resident  cables.  Different  trials  and  projects  are  described  in  this 
paper. 

Keywords 

Optical  fiber;  cable;  duct;  mini-tubes;  jetting/blowing;  additional 
jetting/blowing;  resident  cables;  upgrading  old  ducts. 

1.  Introduction 

Civil  works  are  the  largest  cost  contributors  for  fiber  optic 
installations  when  existing  ducts  cannot  be  used  anymore.  Often 
new  ducts  have  to  be  installed  along  existing  ducts.  The  latter 
ducts  may  be  of  bad  quality,  not  meeting  requirements  for  long 
length  fiber  optic  installation,  or  contain  resident  cables.  Many 
duct  routes  have  been  built  for  copper  telecom  networks.  Here 
short  lengths  of  cables  were  pulled  in  with  high  forces  and 
numerous  splices  were  made  to  connect  them. 

Fiber  optic  cables  are  installed  now  over  much  longer  lengths,  on 
the  order  of  10  km  between  splices.  Modem  ducts  are  of 
improved  quality  resulting  in  lower  coefficient  of  friction  (COF) 
between  cable  and  duct.  Together  with  the  development  of  the 
jetting  flowing)  technique  [1]  this  resulted  in  cost-efficient 
installation  of  fiber  optic  cables  over  the  required  lengths.  Old 
ducts  suffer  from  high  COF,  especially  after  long-term  aging. 
They  are  often  not  able  to  withstand  the  air  pressures  needed  for 
cable  jetting.  Moreover  the  sections  are  of  short  length.  Numerous 
duct  connections  must  be  made  to  allow  installation  of  long  cable 
lengths.  This  is  especially  a  problem  when  the  ducts  were  cut 
immediately  after  entering  the  handhole,  making  it  almost 
impossible  to  connect  the  ducts  sufficiently  pressure-resistant  to 
allow  jetting.  All  these  problems  are  faced  to  a  larger  extent  when 
resident  cables  occupy  the  ducts. 

Installing  loose  bundles  of  mini-tubes  (7  or  10  mm  external 
diameter)  [2]  in  old  ducts  are  a  way  to  overcome  the  above- 
mentioned  problems.  These  mini-tubes  are  installed  by  jetting 
with,  in  most  cases,  low  air  pressures.  In  this  way  long  continuous 
upgraded  tube  routes  are  obtained  with  low  COF  and  high 
pressure-resistance.  In  each  mini-tube  cables  with  up  to  72  fibers 
can  be  installed.  It  is  also  possible  to  install  loose  bundles  of 


mini-tubes  in  used  ducts  with  traffic  along  resident  cables.  Tables 
are  given  for  several  combinations  of  additional  tube  jetting. 
Validity  of  this  table  has  been  obtained  from  trials  and 
experiences  with  projects. 

2.  Mini-tubes  Systems 

Mini-tube  systems  consist  of  loose  bundles  of  mini-tubes  (outer 
diameter  7  and  10  mm),  see  Figure  1.  These  bundles  can  be  jetted 
(synergy  of  pushing  and  blowing)  in  ducts  such  as  used  today  for 
installation  of  fiber  optic  cables.  Jetting  lengths  for  tube  bundles 
are  typically  200  m  (700')  per  bar  air  pressure.  In  good  quality 
ducts  more  than  1 500  m  (5000')  can  be  reached  "in  one  blow"  and 
less  for  ducts  with  resident  cables.  Bundles  of  mini-tubes  can  be 
coupled  by  means  of  simple  connectors.  Branching  of  one  or 
more  of  the  mini-tubes  is  possible  by  making  a  window-cut  in  the 
duct,  cutting  the  mini-tube  of  choice  and  connecting  it  to  a 
branching  mini-tube.  The  ducts  are  recovered  by  using  a  (split) 
clip-on  Y-connector,  see  Figure  2.  This  operation  can  be  done 
without  risk  of  damaging  the  other  mini-tubes.  Micro-cables  with 
extremely  high  fiber-density  (up  to  72  fibers)  can  be  jetted  in 
these  mini-tubes,  each  cable  having  its  individual  path  through  the 
network,  without  the  need  to  make  splices  in  the  optical  fibers. 


protective 
duct  (HDPE) 


cable 
and 
tube  (HDPE) 
(miniaturised) 


Figure  1.  Typical  bundles  of  mini-tubes  with  cables 
left  40/33  mm  (1 YT)  duct  with  10  tubes  of  7  mm  and 
a  24-fiber  cable,  right  50/40  mm  (1  %")  duct  with  7 
tubes  of  10  mm  and  a  72-fiber  cable 


Jetting  technology  allows  installing  lengths  of  the  cables  of  up  to 
2500  m  (8000')  "in  one  blow".  With  cascaded  jetting  (tandem,  see 
Figure  3)  and  buffering  techniques  (see  Figure  5)  more  than  8  km 
(5  miles)  splice-less  cable  lengths  have  been  installed. 
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Figure  2.  Y-connector  to  branch  mini-tubes 


Figure  3.  Jetting  micro-cables  in  tandem 

Some  advantages  of  systems  with  loose  bundles  of  mini-tubes  are: 

•  Investments  grow  with  demand. 

•  Installation  of  latest  fiber  optic  technology. 

•  Midspan-access  at  any  place  and  any  time.  Fibers  with  traffic 
not  disturbed. 

•  Fast  installation  technology  and  short  response  time. 

•  Possibility  of  re-routing  without  lost  fibers  or  splicing. 

•  Mini-tubes  upgrade  old  ducts.  Low  coefficient  of  friction  and 
high  pressure-resistance  improve  jetting.  Long  continuous 
routes  can  be  made. 

•  Mini-tubes  easily  jetted  in  ducts  with  resident  cables. 

The  number  of  mini-tubes  is  advised  to  be  such  that  half  the  space 
of  the  duct  is  filled,  see  Table  1.  In  this  way  the  duct  still  gives 
the  required  mechanical  protection  (impact  resistance)  and  Y- 
branching  and  jetting  of  the  bundle  are  made  easy. 


Table  1.  Recommended  maximum  number  of  tubes 
and  fiber  counts  for  different  ducts 


duct 

(mm) 

10  mm  tubes 

max  fibers 

7  mm  tubes 

max  fibers 

63/50 

(2") 

10 

720 

20 

480 

50/40 

(VAT) 

7 

504 

14 

336 

40/33 

(T/4") 

5 

360 

10 

240 

32/25 

(D 

3 

216 

7 

168 

25/20 

(%”) 

1 

72 

3 

72 

3.  Additional  Jetting 

When  there  is  a  demand  for  a  new  connection  and  the  available 
ducts  are  used  significant  civil  costs  have  to  be  made.  Therefore 
one  tries  to  use  the  free  space  in  ducts  already  occupied  with 
resident  cables.  Pushing  and  pulling  with  rodders  can  do  this,  but 
in  many  cases  the  lengths  are  short.  Another  technique,  additional 
jetting  of  cables,  can  in  many  cases  also  be  done,  again  only  over 
short  lengths.  Even  when  the  intermediate  distance  between 
handholes  can  be  bridged  these  short  lengths  cause  problems. 
Because  fiber  optic  links  require  long  splice-less  lengths  such 
installations  are  not  economical.  Additional  installation  of  mini¬ 
tubes  does  not  show  this  drawback  when  intermediate  distances 
between  handholes  can  be  bridged.  The  tubes  can  simply  be 
coupled  and  long  continuous  tube  routes  of  high  quality  (low 
friction,  high  pressure  resistance)  are  formed. 

Additional  jetting  of  mini-tubes  appears  at  first  sight  comparable 
to  additional  jetting  of  cables:  on  the  one  hand  the  tubes  are  more 
lightweight,  but  on  the  other  hand  the  wedging  of  the  smaller 
tubes  seems  to  be  more  severe.  The  latter  turns  out  to  be  not  true! 
When  the  diameter  of  the  second  cable  becomes  larger  it  comes 
out  of  the  wedge  first,  but  for  still  higher  diameters  the  wedging 
effect  increases  again,  especially  close  to  the  situation  called 
jamming  (see  Appendix  A).  In  many  practical  situations  the 
wedge  effect  for  mini-tubes  is  less  than  for  cables.  Moreover  the 
tubes  are  much  lighter  so  the  jetting  distances  are  much  higher. 
Theoretical  distances,  confirmed  at  Draka  Comteq's  jetting  test- 
site  at  Delfzijl  (Netherlands),  are  given  for  7  and  10  mm  tubes  in 
Tables  2  to  5. 

Table  2.  Jetting  distances  for  10  mm  tubes  in  40/33 
mm  (IVi")  duct,  different  numbers  and  resident 
cables 


cable  1 
(mm) 

1  tube 

2  tubes 

3  tubes 

4  tubes 

12 

1200 

1100 

950 

800 

(0.47") 

(4000’) 

(3600’) 

(3100’) 

(2600') 

15 

700 

600 

550 

(0.59") 

(2300’) 

(2000’) 

(1800’) 

16.5 

400 

400 

(0.65") 

(1300’) 

(1300') 

18.5 

200 

200 

(0.73") 

(700’) 

(700’) 
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Table  3.  Jetting  distances  for  10  mm  tubes  in  50/40 
mm  (1  Vi")  duct,  different  numbers  and  resident 
cables 


cable  1 
(mm) 

1  tube 

2  tubes 

3  tubes 

4  tubes 

5  tubes 

6  tubes 

12 

(047") 

1600 

(52000 

1500 

(50000 

1300 

(43000 

1150 

(38000 

1000 

(33000 

900 

(30000 

15 

(0.59") 

1200 

(4000’) 

1100 

(36000 

1000 

(33000 

850 

(28000 

16.5 

(0.65") 

800 

(26000 

800 

(26000 

750 

(25000 

700 

(25000 

18.5 

(0.73') 

1  400 

(1300f) 

400 

(13000 

400 

(13000 

400 

(13000 

Table  4.  Jetting  distances  for  7  mm  tubes  in  40/33 
mm  (iy«")  duct,  different  numbers  and  resident 
cables 


cable  1 
(mm) 

1  tube 

2  tubes 

3  tubes 

4  tubes 

5  tubes 

7  tubes 

12 

(0-47") 

900 

(30000 

1000 

(33000 

1000 

(33000 

1000 

(33000 

900 

(30000 

800 

(26000 

15 

(0-59'j 

350 

(12000 

450 

(15000 

500 

(16000 

500 

(16000 

500 

(16000 

450 

(15000 

16.5 
(0  65") 

250 

(8000 

250 

(8000 

300 

(10000 

300 

(10000 

300 

(10000 

18.5 

(0.73") 

200 

(7000 

200 

(700') 

200 

(7000 

200 

(7000 

Table  5.  Jetting  distances  for  7  mm  tubes  in  50/40 
mm  (IV2")  duct,  different  numbers  and  resident 
cables 


cable  1 
(mm) 

2  tubes 

5  tubes 

7  tubes 

9  tubes 

10  tubes 

1 2  tubes 

12 

(0-47") 

1600 

(52000 

1350 

(44000 

1200 

(40000 

1050 

(34000 

950 

(31000 

600 

(20000 

15 

(0.59") 

700 

(23000 

850 

(28000 

750 

(25000 

600 

(20000 

550 

(8000 

400 

(13000 

16.5 

(0.65") 

400 

(13000 

500 

(16000 

450 

(15000 

400 

(13000 

350 

(12000 

18.5 

(0.73") 

200 

(700') 

250 

(8000 

250 

(8000 

Figure  4. 40/33  mm  (I1/*")  duct  with  15  mm  (0.59") 
resident  cable  and  3  tubes  1 0  mm 


In  Figure  4  an  example  is  shown  of  a  40/33  mm  (l1//)  duct 
occupied  with  a  15  mm  resident  cable  in  which  3  additional  10 
mm  tubes  were  installed  (possible  over  550  m,  see  Table  2).  Note 
that  the  partial  filling  of  the  duct  with  cable  and  tubes  still 
guarantees  resistance  against  impact.  10  mm  corresponds  to  about 
the  minimum  wedge  factor,  see  Figure  13.  The  3  tubes  can  store  3 
cables  with  up  to  72  fibers,  a  total  of  216  fibers.  An  additional 
cable  with  this  fiber  count  would  be  very  difficult  to  install. 

4.  Projects 

4.1  San  Diego 

A  reference  project  (i.e.  with  good  quality  ducts  and  no  resident 
cables)  is  installation  of  10  tubes  of  10  mm  in  empty  60/50  mm 
(2  )  ducts  between  San  Diego  and  Phoenix.  Bundles  w'ere 
installed  in  lengths  of  about  1000  m  (3000’),  usually  a  few  of 
those  sections  per  day.  Many  splice-less  lengths  of  8  km  (5  miles) 
of  60-fiber  cable  have  been  installed  (one-day  jobs),  using  tandem 
jetting  and  buffering  (see  Figures  3  and  5).  Note  that  this 
installation  was  done  with  loops  of  cable-overlength  stored  in 
handholes  about  every  400  m  (1300’). 


Figure  5.  Jetting  micro-cables  with  buffering 


4.2  Upgraded  Duct  Trials  and  Projects 

In  Wuhan  (China)  a  trial  was  done  in  thin-walled  32  mm  (1") 
PVC  duct.  Here  7  tubes  of  7  mm  were  installed  over  500  m 
(1600')  using  only  2  bars.  More  pressure  was  not  allowed. 
Expansion  of  the  ducts  and  serious  leaking  already  occurred.  The 
newly  installed  mini-tubes  eliminate  these  problems. 

In  Geneva  the  above  ground  part  of  the  optical  network  of  CERN 
needs  extra  fiber  capacity  (replacement)  for  new  experiments.  The 
52  mm  (l'A")  ducts  are  of  such  quality  (high  friction,  probably 
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with  leaks  and  immediate  cut  at  handhole  entrances)  that  burying 
new  ducts  was  considered.  Instead  mini-tubes  can  be  installed 
easily  with  handholes  about  every  500  m  (1600).  After  coupling 
of  the  tubes  long  spliceless  cables  can  be  jetted  in. 

4.3  San  Jose 

A  short  but  challenging  installation  was  done  in  San  Jose, 
California.  Here  an  installation  was  requested  over  400  m  (1300')  in 
a  42/34  mm  (114")  duct  with  2  resident  cables  (12  and  15  mm)  with 
traffic.  The  civil  and  permitting  costs  that  would  be  involved  in 
digging  up  this  portion  of  the  route  was  prohibitive.  Previous  to  our 
arrival  several  attempts,  including  the  use  of  rodders,  were  done  to 
install  a  third  cable,  all  without  success.  Shown  in  Figure  6  is  the 
duct  with  cables  in  the  handhole.  Note  the  damage  to  the  duct, 
caused  by  the  rodder  (right  in  the  picture).  Some  debris  (only  a 
small  portion  of  the  total  encountered)  can  be  seen  at  the  end  of  the 
rodder,  caused  by  scraping  against  the  duct  wall. 

Because  the  duct  was  of  poor  quality  it  was  decided  to  install  only 
one  10  mm  tube  next  to  the  cables  (in  good  condition  additional 
jetting  of  2  tubes  would  be  possible  over  600  m  (2000')  in  this 
geometry).  During  installation  several  additional  problems  were 
encountered.  First  the  duct  was  leaking  halfway.  Next  obstructions 
were  present  at  three  different  locations  in  the  duct,  probably  caused 
by  debris  from  previous  attempts  with  rodders.  Finally  also  no 
aftercooler  was  present  with  the  compressor,  resulting  in 
temperatures  of  about  60  degrees  Celsius  (140  degrees  Fahrenheit) 
of  the  airflow,  softening  all  materials.  Nevertheless  the  tube  could 
be  installed  and  a  48-fibre  cable  was  blown  in  immediately  after. 
The  whole  project  was  finished  in  slightly  more  than  two  days, 
including  splicing  to  other  cables.  The  majority  of  time  was  spent 
cleaning  from  previous  attempts.  Actual  installation  of  the  guide 
tube  and  cable  took  only  1/2  day. 


Figure  6.  Duct  occupied  with  2  resident  cables 


Figure  7.  Mounting  Y-piece  for  additional  jetting 
with  2  resident  cables  and  guide  for  the  tube 


Figure  8.  Installed  additional  tube  and  cable 
4.4  Gothenburg 

On  a  trajectory  of  about  3  km  (2  miles)  near  Gothenburg,  Sweden 
there  was  a  demand  for  extra  fiber  capacity.  Here  a  fiber  optic 
cable  with  a  diameter  of  14  mm  was  already  present  in  a  40/33 
mm  (1*4”)  duct.  An  initial  attempt  to  install  an  additional  96-fibre 
cable  with  a  diameter  of  15  mm  was  not  successful  in  that  it  only 
reached  150  m  (500').  Instead  3  tubes  of  10  mm  were  jetted  in 
(see  Figure  9).  This  was  installed  in  slightly  more  than  2  days, 
with  lengths  per  blow  of  up  to  512  m  (1680’).  This  length  is 
somewhat  less  than  expected.  This  might  be  caused  by  the  fact 
that  a  lot  of  water  was  present  in  the  duct,  caused  by  the  many 
duct  openings  resulting  from  the  previous  trials  with  cable. 

In  each  of  the  10  mm  tubes  a  cable  with  up  to  72  fibers  can  be 
jetted  in  easily  (up  to  2500  m  or  8000'  in  one  blow).  One  cable 
was  successfully  installed,  without  splice,  jetted  with  one  master 
and  one  tandem-jetting  device. 
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Figure  9.  Additional  jetting  of  3  tubes  of  10  mm 
4.5  Copenhagen 

A  trajectory  of  1137  m  (3730')  of  32/27.2  mm  (VV)  duct  was 
occupied  with  a  single  resident  12  fiber  cable  with  diameter  of 
10.9  mm  over  755  m  (2477’).  Over  a  length  of  32  m  (105')  even  2 
resident  cables  were  present.  In  the  free  duct  section  a  bundle  of  4 
tubes  of  10  mm  was  jetted  in.  In  the  section  with  single  resident 
cable  a  bundle  of  2  tubes  of  10  mm  was  installed  in  a  single  blow. 
The  same  bundle  was  pushed  in  by  hand  over  the  remaining 
double  occupied  duct  section.  Next  a  60-fiber  cable  was  blown  in 
over  the  entire  length.  The  whole  operation  took  half  a  day. 


Figure  10.  Additional  jetting  Copenhagen 


4.6  Other  Projects 

In  a  trial  in  Chattanooga  the  water-jetting  (floating)  a  bundle  of  3 
tubes  of  10  mm  over  1200  m  (4000')  in  a  60/50  mm  (2")  duct  with 
resident  288-fiber  cable  with  a  diameter  of  20.4  mm  was 
performed.  Here  also  the  same  bundle  was  floated  over  600  m 
(2000')  in  a  42/35  mm  (114")  duct  with  resident  96-fibre  cable 
with  diameter  of  15.5  mm. 

In  Belgium  a  bundle  of  3  tubes  of  10  mm  was  successfully  jetted 
over  1 100  m  (3600')  into  a  50/40  mm  (114")  duct  with  resident  48- 
fibre  cable  with  diameter  of  12  mm. 

5.  Conclusions 

Systems  with  loose  bundles  of  7  and  10  mm  mini-tubes  can  upgrade 
old  duct  routes.  The  mini-tubes  can  easily  be  coupled  to  longer 
lengths  in  which  micro-cables  with  up  to  72  fibers  per  tube  can  be 
installed  with  high  performance.  Bundles  of  mini-tubes  can  even  be 
installed  in  occupied  ducts,  next  to  resident  cables  with  traffic. 
Installation  lengths  per  blow  are,  surprisingly,  much  longer  for 
additional  tubes  than  for  cable.  In  addition  to  this  benefit  longer 
lengths  are  achieved  by  using  coupling  of  the  tubes. 
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Appendix  A:  Wedge  Factor 


Figure  11.  Forces  on  a  second  cable 

When  a  second  cable  is  installed  in  a  duct  next  to  a  first  (resident) 
cable  it  will  experience  higher  friction  forces  because  of  the 
wedging  effect.  This  effect  is  largest  (worst  case)  in  the  situation 
that  the  weight  W  of  the  cable  (or  the  resultant  of  the  weight  and 
other  axial  forces)  is  pointed  symmetrically  into  the  wedge,  as 
indicated  in  Figure  11.  From  this  Figure  follows  the  wedge  factor 
fwedge  ,  with  which  the  friction  force  (proportional  to  the  sum  of 
the  normal  forces  FN  acting  on  the  cable)  increases  with  respect  to 
the  situation  of  sliding  over  a  flat  surface: 


Figure  12.  Parameters  to  calculate  wedging 

In  Figure  12  parameters  are  given  to  further  calculate  the  wedge 
factor,  for  clarity  instead  of  the  diameters  Dd,  Dc  and  Dc2  for  duct, 
first  cable  and  second  cable,  respectively,  the  radii  Rdi  Rc  and  Rc2> 
The  sum  of  the  angles  from  the  isosceles  triangle  with  angles  <p 


and  the  middle  of  cable  2  is  equal  to  k  -  a  +  2<p.  This  sum  is  for 
every  triangle  equal  to  n,  hence  follows: 

a  =  2<p  (2) 

For  the  triangle  with  angle  a,  center  of  duct  and  center  of  first  cable 
it  follows  using  modified  "Pythagoras”  for  angle  a  (instead  of  a 
right  angle): 

(Rd  -Rcf  =  (Rc  +  Rci)2  +  (Rj  -  Rclf 

-2(RC  +  Rcl)(Rd  ~ Rc 2>cos(«)  (3) 

Together  with  equation  (1),  using  l-cos(2p)  =  2sin2(^>)  and 
rewriting  in  diameters  this  leads  to  the  simple  expression: 

,  =  {(A+Dr2)(Dj-l\2) 

Jwedge  i  Dc2(Dd  -Dc  ~Dc2)  (4) 


This  equation  leads  to  the  same  results  as  the,  much  more  intricate, 
set  of  equations  in  [3]. 


Figure  13.  Wedge  factor  as  a  function  of  diameter 
Dc2  of  second  cable  for  a  40/33  mm  (1  %")  duct 


with  resident  15  mm  cable 

The  minimum  value  for  the  wedging  factor: 

Dd  +  Dc  ^ 

Jwedge,  min  =  £)  £)  (^) 

is  reached  for  an  optimal  diameter  of  the  second  cable: 

t>c2,opt=j(Dj-Dc)  (6) 


In  Figure  13  an  example  is  given  of  this  wedging  factor  as  a 
function  of  diameter  of  the  second  cable.  Note  the  symmetry.  The 
increase  in  wedge  factor  for  higher  diameters  of  the  second  cable 
can  be  understood  by  realizing  that  the  walls  in  between  which 
wedging  occurs  become  parallel  again  for  exact  fitting  of  the  second 
cable.  This  effect  is  also  known  as  jamming,  see  e.g.  [4]. 
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Abstract 

This  paper  describes  the  development  and  application  of  lightweight 
ribbon  cables  optimized  for  emerging  cable  architectures  and 
installation  techniques,  primarily  in  the  metro  environment.  The  new 
cables  are  well  suited  for  application  in  both  micro  duct  systems  and 
into  new  rights-of-way  such  as  gas  lines  and  sewer  ducts. 
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1.  Introduction 

Telecommunications  service  providers  face  new  challenges  in  the 
current  economic  environment.  Demand  for  bandwidth  continues  to 
grow,  while  access  to  capital  has  become  limited.  Fiber  is  required 
in  the  metro  and  access  markets  in  order  to  generate  revenue  from 
backbone  networks  that  are  already  complete.  Service  providers 
need  an  economical  alternative  to  the  large-scale  deployment  of  dark 
fiber  to  ensure  that  available  capital  generates  maximum  revenue.  In 
addition,  deployment  of  optical  cables  has  become  increasingly 
difficult,  as  governments  are  increasingly  reluctant  to  allow  the 
installation  of  new  duct  systems. 

Solutions  for  these  problems  are  emerging.  New  low-cost  routes  to 
the  customer  are  being  developed  through  existing  infrastructure, 
such  as  roads,  gas  lines,  and  sewers  [1][2][3].  Alternatively, 
miniaturized  duct  systems,  usually  called  micro  ducts,  can  maximize 
the  usage  of  existing  duct  or  increase  the  flexibility  of  new  duct 
systems.  Traditional  cables  are  far  from  optimum  for  these  new 
cable  routes.  In  general,  the  new  cable  route  solutions  require 
smaller  cables  that  make  maximum  use  of  resources. 

Historically,  ribbon  cables  have  been  ideal  in  applications  where 
service  providers  want  to  maximize  the  number  of  fibers  in  limited 
duct  space.  Ribbon  cables  containing  432  or  more  fibers  are 
commonly  deployed  in  metro  rings  and  long  distance  backbones. 

The  advantages  of  central-core  ribbon  design  may  also  be  realized  in 
the  design  of  small  cables  for  metro  applications.  The  inherently 
high  packing  density  of  ribbon  units  can  be  utilized  to  design  very 
dense  low  fiber  count  cables.  This  paper  presents  the  design  of 
dielectric  48-fiber  and  72-fiber  ribbon  cables  with  fiber  packing 
densities  greater  than  or  equal  to  1.6  fibers/mm2.  Figure  1,  below,  is 


a  photograph  of  the  48-fiber  ribbon  cable.  These  cables  are 
appropriate  for  deployment  in  both  micro  duct  systems  and  many 
new  right-of-way  systems,  including  gas  lines  and  sewers. 


The  new  cables  will  be  ideal  candidates  for  deployment  in  micro 
duct  systems.  Micro  duct  systems  have  been  growing  in  popularity, 
primarily  in  Europe.  The  use  of  a  micro  duct  system  can  reduce  the 
initial  capital  investment  required  for  a  cable  route,  while  leaving 
room  for  future  capacity  growth.  We  will  compare  the  costs  and 
cash  flow  of  deploying  the  new  small  ribbon  cables  in  a  micro  duct 
system  to  the  costs  associated  with  conventional  cable  installation. 


Figure  1.  Lightweight  48  Fiber  Ribbon  Cable 


2.  Economics  of  Lightweight  Cables 

2.1  New  Right-Of-Ways 

New  right-of-ways,  such  as  natural  gas  and  sewer  lines,  provide 
an  attractive  alternative  path  for  optical  fiber  cables  compared  to 
the  installation  of  new  duct  systems.  However,  installation  of 
optical  cables  cannot  interfere  with  the  primary  functions  of  these 
utility  systems.  As  such,  sub-ducts  installed  in  gas  lines  or  sewers 
must  necessarily  be  small.  Therefore,  small  cables  will  be  required 
in  order  to  utilize  the  new  cable  paths. 

2.2  Sub-Duct  Systems 

2.2.1  Economics  of  Miniaturized  Duct  Systems 

Miniaturized  duct  systems  are  attractive  in  the  current  economic 
environment.  For  a  given  fiber  capacity,  a  sub-duct  cable  system 
utilizing  miniaturized  ducts  can  be  installed  at  a  lower  initial  cost, 
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afford  greater  flexibility  for  future  growth,  and  provide  a  greater 
return  on  investment  in  early  years  of  system  usage. 

To  study  the  economic  return  of  a  sub-duct  cable  system,  we  will 
compare  the  costs  of  two  288-fiber  cable  systems  of  identical 
length  using  a  simplified  model.  One  system  will  consist  of  a 
single  288-fiber  cable.  The  second  system  will  consist  of  four  sub¬ 
ducts,  with  72-fiber  cables  installed  in  each  sub-duct  over  time. 

To  make  the  comparison,  we  will  do  the  following: 

•  Calculate  the  normalized  installation  cost  of  the  sub¬ 
duct  systems  and  a  high  fiber  count  cable 

•  Compare  the  present  economic  value  of  the  systems 

•  Compare  revenue  streams  and  return  on  investment 


□  Splicing 


□  Cable  Installation 


■  Subduct 
Installation 


■  Subduct 


■  Fiber  &  Cable 


Figure  2.  Installation  Cost  Comparison  of  Optical 
Fiber  Cables 

2.2.2  Initial  Costs  Figure  2  illustrates  the  costs  of 
conventional  high  fiber  count  cables  in  comparison  to  the  cost  of 
installing  sub-ducts  and  lightweight  cables.  An  existing  32/40  mm 
(1.25  in.)  cable  duct  was  assumed.  The  duct  has  the  capacity  to 
hold  five  -  8/10  mm  sub-ducts  (48  fiber  cables),  four  -  10/12  mm 
sub-ducts  (72  fiber  cables),  or  a  single  high  fiber-count  cable. 
Cable  length  was  set  to  1.5  km.  A  288-fiber  cable  was  used  as  a 
baseline  to  normalize  costs.  Typical  North  American  costs  for 
cabled  fiber,  cable  installation,  sub-duct  installation,  and  splicing 
were  used.  The  cabled  cost  per  fiber  was  kept  constant  for  all  fiber 
counts.  Comparative  costs  for  48  fiber  cables  are  shown  in  Figure 
2.  For  simplicity,  only  72-fiber  cables  are  used  to  compare  costs 
in  subsequent  sections  of  this  paper. 

It  is  obvious  that  the  cost  of  a  lower  fiber  count  cable  is  lower 
than  the  cost  of  a  high  fiber  count  cable.  We  calculate  that  the  cost 
of  a  sub-duct  system  equipped  with  a  single  72-fiber  cable  is 
approximately  54%  of  the  cost  of  a  288-fiber  cable.  Three 
additional  upgrades  are  required  to  bring  the  sub-duct  system  up 


100% 


„  75% 

(A 


to  the  capacity  of  the  288-fiber  cable.  After  all  upgrades,  the  cost 
of  a  288-fiber  sub-duct  cable  system  will  be  155%  of  the  cost  of  a 
288-fiber  cable  installation.  Figure  3  uses  the  normalized  costs 
from  Figure  2  to  illustrate  the  cumulative  cost  of  the  two 
installation  scenarios  over  time. 


200% 

150% 

100% 

50% 

0% 

Initial  Cost  After  1st  After  2nd  After  3rd 
Upgrade  Upgrade  Upgrade 

[■  288-Fiber  Cable 

[■Micro  Duct  System  with  72-Fiber  Cables 

Figure  3.  Cumulative  Cost  of  Competing 
Conventional  Cable  and  Micro  Duct  Systems 

2.2.3  Present  Economic  Value  We  can  compare  the  costs  of 
the  two  systems  taking  into  account  the  time  value  of  money  by 
looking  at  the  present  value  of  both  scenarios  illustrated  in  Figure 
3.  The  equation  for  the  present  value  of  a  future  sum  is  given  in 
equation  (1). 

present  value  P  =  F  X  (1-fi)'"  (1) 

where: 

P  is  the  Present  value  at  time  0 
F  is  the  Future  value  at  time  n 
i  is  the  interest  or  discount  rate 
n  is  the  time  of  a  future  value  F 

Note:  (1  +  i)  is  raised  to  the  negative  n  power 

The  relative  present  value  of  a  micro  duct  cable  system  compared 
to  the  present  value  of  a  288-fiber  cable  system  using  an  interest 
rate  of  7%  is  shown  in  Table  1.  Table  2  illustrates  results  from 
calculations  at  14%.  Looking  at  the  first  column  of  data  in  Table 
h  which  uses  an  interest  rate  of  7%  and  an  upgrade  interval  of  1 
year,  we  find  that  the  present  value  (cost)  of  the  sub-duct  cable 
system  is  142%  of  the  cost  of  the  288-fiber  cable. 

From  Figure  2,  we  can  see  that  sub-duct  installation  is  a 
substantial  portion  of  the  initial  cost  of  a  micro  duct  cable  system. 
If  new  duct  is  required  for  the  route,  we  could  eliminate  the  cost 
of  a  separate  sub-duct  installation  step  by  using  cable  duct  with 
integrated  sub-duct.  For  example,  when  we  look  at  the  present 
value  of  a  micro  duct  system  without  the  cost  of  sub-duct 
installation  at  an  upgrade  period  of  one  year,  we  find  that  the 
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present  value  of  the  micro  cable  system  is  121%  of  the  cost  of  the 
equivalent  288-fiber  cable. 

Table  1.  Relative  Present  Value  of  288  Fiber  Cable 


Systems,  7%  Interest  Rate 


Upgrade  Period 
(years) 

1 

1.5 

2 

3 

5 

72  f  Cables 
with  sub-duct 
installation  cost* 

142% 

137% 

132% 

122% 

107% 

72  Fiber  Cables 
no  sub-duct 
installation  cost 

121% 

116% 

111% 

101% 

87% 

*System  consisting  of  a  single  288-fiber  cable  -  100% 

Table  2.  Relative  Present  Value  of  288  Fiber  Cable 


Systems,  14%  Interest  Rate 


Upgrade  Period 
(years) 

1 

1.5 

2 

3 

5 

72  f  Cables 
with  sub-duct 
installation  cost 

132% 

123% 

115% 

103% 

86% 

72  Fiber  Cables 
no  sub-duct 
installation  cost 

111% 

102%  ' 

94% 

82% 

65% 

*System  consisting  of  a  single  288-fiber  cable  =  100% 


In  Table  1  and  Table  2,  the  100%  base  line  is  the  cost  of  blowing 
a  28  8 -fiber  cable  into  an  existing  duct.  The  present  value  is  the 
sum  of  present  values  for  the  four  cable  installations  spaced  out 
by  the  upgrade  period.  A  7%  interest  rate  was  used  in  Table  1  and 
a  14%  rate  was  used  in  Table  2.  By  comparing  the  two  tables,  it  is 
obvious  that  higher  interest  rates  make  the  sub-duct  solution  more 
attractive. 

2.2.4  Return  on  Investment  As  discussed  in  the  previous 
section,  installed  cost  of  a  sub-duct  system  is  usually  higher  than 
the  installed  cost  of  a  high  fiber  count  cable,  even  when  taking 
the  time  value  of  money  into  account.  Why  should  a  service 
provider  consider  the  use  of  small  cables  in  a  sub-duct  system 
instead  of  installing  a  high  fiber  count  cable?  The  answer  lies  in 
return  on  investment  (ROI),  cash  flow,  and  profit. 

In  Table  3  we  extend  our  simplified  model  to  compare  economic 
return  of  a  sub-duct  system  with  the  return  on  a  conventional  288 
fiber  cable.  Since  actual  revenue  from  a  system  is  unknown,  we 
have  normalized  all  numbers.  We  assume  that  revenue  from  the 
comparable  cable  systems  grows  linearly  as  new  cables  are 
installed  in  the  micro  duct  system.  We  keep  the  cost  of  all  system 
components  constant. 


Table  3.  Economic  Return  of  Sub-Duct  System 


Time  Period 

On  In  2n  3n 

Total 

Investment 

288  Fiber 
Cable 

1.0X  1.0X  1.0X  1.0X 

Micro 

Duct 

System 

72  f  cable 

0.54X  0.88X  1.21X  1.55X 

Revenue 

1Y  2Y  3Y  4Y 

Return 
(  Re  venue  ^ 

288  Fiber 
cable 

1.0  (Y/X)  2.0  (Y/X)  3.0  (Y/X)  4.0  (Y/X) 

Micro 

Duct 

System 

72  f  cable 

1.9  (Y/X)  2.3  (Y/X)  2.5  (Y/X)  2.6  (Y/X) 

^Investment ) 

where: 


n  is  the  time  interval  when  upgrades  are  performed 
X  is  the  investment  required  to  install  a  288  fiber  cable 
Y  is  the  revenue  realized  during  the  initial  period  On 

From  the  table,  we  can  see  that  the  return  (modeled  as  the 
Revenue  divided  by  the  Investment)  for  the  micro  duct  system  is 
greater  than  the  return  on  the  high  fiber  count  cable  until  the  third 
expansion.  By  using  the  micro  duct  cable  system,  we  are  realizing 
profits  sooner  than  with  the  high  fiber  count  system.  These 
immediate  profits  are  realized  at  the  expense  of  potential  future 
profits  as  the  high  fiber  count  cable  reaches  its  forecast  capacity. 

2.2.5  Route  Distance  In  the  previous  four  sections,  we 
compared  the  cost  of  high  fiber  count  cable  to  a  micro  duct 
architecture  assuming  that  the  length  of  the  cable  route  was 
identical.  Another  way  to  look  at  the  micro  duct  system  is  to 
consider  the  distance  of  the  routes  that  can  be  constructed  using  a 
given  amount  of  capital.  Compared  to  traditional  installations,  the 
lower  initial  cost  of  the  micro  duct  system  allows  service 
providers  to  stretch  scarce  capital  over  more  cable  routes.  Based 
on  the  simplified  model,  for  the  same  amount  of  capital,  a  service 
provider  may  construct  a  route  that  is  85%  longer  using  a  micro 
duct  architecture. 

2.2.6  Conclusions  from  Economic  Modeling  The 

installation  of  small  fiber  count  cables  in  sub-ducts  and  alternative 
rights-of-way  makes  economic  sense  in  some  circumstances.  The 
following  is  a  summary  of  the  application  of  standard  and 
lightweight  cables: 

High  fiber  count  cables  and/or  heavy-duty  cables  should  be 
used  in  the  following  circumstances: 

•  When  the  installation  route  requires  the  mechanical 
protection  afforded  by  traditional  cables 

•  When  the  capacity  demand  for  a  route  is  projected  to 
grow  rapidly 
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•  When  the  cost  of  the  fiber  cable  is  not  significant 
relative  to  the  installation  cost  of  the  system 

•  When  capital  is  readily  available  and  borrowing  costs 
are  low 

•  Where  access  for  future  expansion  is  difficult  (bridges, 
tunnels) 

•  When  cost  per  fiber  must  be  minimized 

Lightweight  cables  in  micro  duct  systems  are  attractive  in  the 
following  situations: 

•  The  service  provider  needs  to  maximize  short  term 
return  on  investment  and  profitability. 

•  The  service  provider  needs  to  shorten  planning  horizons 
and  maximize  flexibility  in  order  to  react  to  growth.  The 
micro  duct  and  small  cable  system  gives  flexibility  to 
deploy  fibers  where  needed. 

•  The  service  provider  anticipates  that  new  fiber  designs 
and  technology  will  reduce  the  cost  of  future  capacity. 

From  the  economic  modeling,  we  can  see  that  the  use  of  small 
cables  in  a  sub-duct  system  can  make  economic  sense. 

3.  Cable  Design 

3.1  Lightweight  Cable  Properties 

3.1.1  Required  Properties  A  new  lightweight  cable  design 
must  meet  the  following  requirements  in  order  to  be  useful  in  micro¬ 
duct  installations: 

•  The  cable  must  have  the  size,  stiffness,  and  flexibility 
necessary  for  installation  in  a  small  diameter  duct. 

•  The  cable  fiber  count  must  be  high  enough  to  fit  the 
metro  route  architecture. 

•  Sufficient  mechanical  protection  and  tensile  strength  are 
required  for  cable  installation  and  for  protection  of  the 
optical  fibers. 

•  The  cable  must  have  acceptable  attenuation 
performance  in  the  expected  operating  temperature 
range. 

3.1.2  Desired  Properties  In  addition  to  the  minimum 
requirements  for  a  usable  cable,  other  cable  properties  are  desirable: 

•  The  cable  should  be  dielectric  to  minimize  lightning 
damage  and  to  provide  a  safe  operating  environment  for 
technicians. 

•  Fibers  within  the  cable  should  be  easily  identifiable. 

•  The  cable  should  not  exhibit  preferential  bending. 
Preferential  bending  can  make  the  use  of  a  passive 
intermediate  storage  device  (fleeting)  more  difficult.  [4] 

•  The  cable  should  have  sufficient  tensile  strength  to  be 
pulled  for  short  distances. 


•  The  cable  should  have  sufficient  robustness  to  be  coiled 
inside  a  manhole  without  the  protection  of  a  duct. 

•  Other  than  tensile  strength,  the  cable  should  have 
temperature  and  mechanical  performance  comparable  to 
standard  outside  plant  optical  fiber  cables. 

3.2  Cable  Description 

3.2.1  Centrai  Tube  Cab/e  Design  Low  fiber  count  central 
core  ribbon  cables  are  an  appropriate  solution  for  micro  duct 
systems,  due  to  the  inherently  high  packing  density  of  ribbon  units. 
A  central  core  design  also  provides  for  enhanced  ruggedness  in 
smaller  cables.  We  can  consider  the  entire  cable  structure  as  a 
robust,  reinforced  composite  tube  made  up  of  multiple  layers  to 
provide  crush  resistance  and  cable  flexibility. 

In  the  48-fiber  cable,  shown  in  Figure  4,  a  4  mm  diameter  central 
tube  contains  eight  6-fiber  ribbons.  Six  fiber  ribbons  were  chosen 
to  be  compatible  with  a  12-fiber  architecture.  In  the  72-fiber 
cable,  shown  in  Figure  5,  a  5  mm  tube  contains  six  12-fiber 
ribbons. 


Figure  4.  48  Fiber  Ribbon  Cable 

3.2.2  Ribbon  Units  Fiber  ribbons  are  a  convenient  unit  structure 
for  small  cables  designed  for  simple,  low-cost  installation.  The 
productivity  of  mass  fusion  splicing  of  ribbons  can  afford  significant 
time  savings  during  installation.  However,  the  ribbon  units  in  this 
lightweight  cable  are  also  engineered  for  use  in  architectures  where 
single  fiber  management  and  splicing  are  desired.  Single  fiber  access 
is  easily  accomplished,  as  the  ribbon  matrix  can  be  flaked  off  the 
fibers  without  difficulty.  [5]  Compared  to  fiber  bundles  or  loose 
fiber,  ribbon  units  in  a  central  core  tube  provide  compact,  easily 
identifiable  fiber  groups.  In  the  central  core,  the  ribbons  are 
positioned  in  sequential  order,  and  can  be  easily  routed  within  splice 
trays. 

3.2.3  Strength  Member  System  The  strength  member  system 
is  designed  as  an  integral  part  of  the  cable  structure  and  is 
engineered  for  each  core  tube  size.  The  strength  members  are 
helically  wrapped  around  the  core  tube.  This  avoids  asymmetrical 
bending  stiffness  that  can  lead  to  inconsistent  coiling  in  a  fleeting 
device  [4].  A  minimum  of  six  FRP  rods  are  used  to  avoid  local 
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preferential  bending  in  tight  radius  turns,  which  can  occur  when  four 
or  fewer  rods  are  used.  As  illustrated  in  Figure  4  and  Figure  5,  the 
strength  members  completely  girdle  the  core  tube  and  are  tightly 
encapsulated  by  the  outer  jacket,  to  reinforce  the  structure  when  the 
cable  is  subjected  to  crushing  and  impact  loads. 


k -  7.5  mm 


HDPE  Outer  Jacket 


Ripcord 

Helical  FRP  Rovinqs 


Helical  FRP  Rods 


Core  Tube 


12  Fiber  Ribbons 


Figure  5. 72  Fiber  Ribbon  Cable 

3.2.4  Outer  Jacket  Material  High-density  polyethylene  was 
chosen  to  provide  toughness  for  the  thin  jacket  section  and  to 
provide  a  low  coefficient  of  friction  at  high  temperatures. 

4.  Cable  Performance 

The  cable  size,  tensile  strength,  and  fiber  density  of  the  48  and  72 
fiber  cables  are  listed  in  Table  4. 


Table  4.  Cable  Tensile  Strength  &  Weight 


Fiber 

Count 

Fibers 

per 

Ribbon 

Size 

(mm) 

Fiber 
Density 
(  Fibers  ^ 

V  mm2  J 

Weight 

(kg/km) 

Tensile 

Strength 

W1 

N 

48 

6 

5.8 

1.8 

31 

2 

600 

72 

12 

7.5 

1.6 

49 

2.7 

1330 

The  operating  temperature  range  of  the  cables  is  -40°C  to  +70°C. 

A  representative  sample  of  test  results  is  presented  in  Section  5. 

5.  Test  Results 

5.1  Test  Results  Summary 

The  48-fiber  cable  was  tested  using  IEC  test  methods. 

Except  for  tensile  strength,  the  72-fiber  cable  has  been  tested  for 
conformance  to  Bellcore2  GR-20-CORE,  Issue  2,  1998  [6]  and 
ICEA-S-87 -640- 1999,  September  1999  [7]. 

All  test  measurements  summarized  in  this  paper  were  made  at  a 
wavelength  of  1550  nm. 


Results  are  summarized  using  a  box  and  whisker  plot.  The 
whisker  represents  the  range  of  measurements.  The  box  represents 
50%  of  all  points.  The  line  in  the  white  box  represents  the  median 
value. 

5.2  IEC  Testing  of  the  48-Fiber  Cable 
5.2.1  Environmental  Test  Results  The  48  fiber  cable  was 
tested  per  IEC  60794-1 -FI.  A  summary  of  the  added  loss  at  the  last 
three  temperature  measurements  at  -40°C,  +70°C,  and  ambient 
conditions  is  shown  in  Figure  6.  The  slight  elevation  at  -40°C  is  the 
result  of  elevation  in  comer  fibers. 


Figure  6.  IEC  60794-1 -FI  Temperature  Cycling, 
Results  for  48-Fiber  Cable 


5.2.2  Tensile  Test  Results  The  tensile  performance  of  the  48- 
fiber  cable  was  tested  per  DEC  60794-1-El  at  a  tension  of  2W, 
which  for  this  cable  is  600N.  A  summary  of  the  added  loss  is  shown 
in  Figure  7. 


Figure  7.  IEC  60794-1 -El  Tensile  Performance 
48-Fiber  Cable 


1  A  cable  rated  1 W  is  able  to  support  1  km  of  its  own  weight. 

2  Bellcore  is  now  known  as  Telcordia  Technologies. 
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5.2.3  Compressive  Strength  The  compressive  strength  was 
tested  in  two  places  using  IEC60794-1-E3  with  a  load  of  1 1 12  N. 
The  added  loss  was  measured  with  the  cable  subjected  to  the  long¬ 
term  load.  The  Compressive  Strength  performance  of  the  72-fiber 
cable  is  summarized  in  Figure  8.  The  added  loss  returned  to  initial 
values  after  the  test. 


Figure  8.  IEC  60794-1 -E3  Crush, 
48  Fiber  Cable,  Two  Places 


5.2.4  Bend  Performance  The  cable  was  tested  per  the  IEC 
60794-1 -E6  Repeated  Bending  test  using  a  107  mm  mandrel.  There 
was  no  measurable  added  loss  at  the  end  of  the  test. 

The  cable  was  also  tested  using  procedure  IEC-60794-1-E1 1.  The 
cable  was  wrapped  5  times  around  a  203  mm  mandrel.  There  was 
no  significant  added  loss  as  shown  in  Figure  9 


Figure  9.  IEC  60794-1 -Ell  Bend 
48  Fiber  Cable,  203  mm  Mandrel 


5.3  Bellcore  Testing  of  72-Fiber  Cable 
5.3.1  Bellcore  Test  Results  The  72-fiber  cable  was  tested  to 
the  requirements  of  Bellcore  GR-20-CORE,  Issue  2  (1998).  As 
described  in  the  subsequent  sections,  the  cable  passed  all 
Mechanical  and  Environmental  Requirements  except  for  tensile 
strength. 


5.3.2  Environmental  Test  Results  The  72  fiber  cable  was 
tested  according  to  the  Temperature  Cycling  and  Cable  Aging  Tests 
in  Bellcore  GR-20.  Results  are  illustrated  in  Figure  10  and  Figure 
11. 


Figure  10.  Bellcore  GR-20  Temperature  Cycling, 
72-Fiber  Cable 
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Figure  11.  Bellcore  GR-20  Cable  Aging, 
72-Fiber  Cable 


5.3.3  Tensile  Performance  The  tensile  performance  of  the  72 
fibers  cable  is  summarized  in  Figure  12. 


Figure  12.  TIA/EIA-455-33A  Tensile  Load  &  Bend 
72-Fiber  Cable 
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5.3.4  Compressive  Strength  The  compressive  strength  was 
tested  in  two  places  per  Bellcore  GR-20,  Issue  2  with  an  incidental 
load  of  220  N/cm,  2200  N  total,  for  1  minute  and  a  long  term  load 
of  110  N/cm,  1100  N  total,  for  10  minutes.  The  added  loss  was 
measured  with  the  cable  subjected  to  the  long-term  compressive 
load.  The  final  measurement  after  the  total  compressive  load  was 
increased  to  440  N/cm  and  released.  The  Compressive  Strength 
performance  of  the  72-fiber  cable  is  summarized  in  Figure  13. 


Figure  13.  Bellcore  GR-20  Compressive  Strength 
Test,  72  Fiber  Cable,  Two  Places 


5.3.5  Low  and  High  Temperature  Cabie  Bend .  The  cable 
was  wrapped  4  times  around  a  5  in.  (127  mm)  mandrel  at 
temperatures  of  -30°C  and  +60°C  per  Bellcore  GR-20  using  FOTP- 
37.  The  low  and  high  temperature  bend  performance  of  the  72-fiber 
cable  is  summarized  in  Figure  14. 


Figure  14.  Bellcore  GR-20,  Low  and  High 
Temperature  Cable  Bend,  5  in  (127  mm)  Mandrel,  4 
Turns,  72  Fiber  Cable 


5.4  Installation  Performance 

The  48-fiber  cable  was  tested  in  a  700m  duct  trial  system  designed 
to  simulate  a  congested  inner  city  environment  with  numerous 
bends  and  rapid  changes  in  elevation.  The  test  route  is  illustrated 
in  Figure  15.  The  target  was  to  achieve  a  blowing  distance  of  500 
m,  which  represented  the  maximum  distance  between  access 
points  anticipated  by  the  customer  in  their  network. 


A  series  of  trials  were  conducted  comparing  different  micro-tubes 
and  blowing  installation  equipment.  One  major  point  to  note  is 
that  no  lubricant  was  used  for  these  trials. 

The  500  m  target  was  achieved  in  all  combinations  of  equipment 
and  tubes.  A  total  distance  of  700  m  was  blown  in  a  time  of  10 
minutes  and  35  seconds.  This  represented  the  maximum  length  of 
the  available  test  route. 


Figure  15.  Cable  Installation  Test  Route 

The  maximum  installation  distance  that  may  be  achieved  is 
dependent  upon  a  variety  of  factors.  These  include  the  blowing 
equipment,  the  compressor  and  the  route  configuration.  Added  to 
this  are  the  different  options  open  to  installers  with  regard  to 
selection  of  micro-duct  designs,  i.e.  low  friction  liners 
incorporated  within  the  tube  or  the  use  of  lubricants  prior  to 
installation.  Installation  distances  greater  than  1000  m  have  been 
achieved  with  a  maximum  distance  of  1400  m.  This  trial  was  into 
a  duct  with  a  low  friction  liner  and  no  additional  lubricant. 
Further  trials  are  planned  to  determine  the  maximum  installation 
distance  that  may  be  achieved. 

6.  Conclusions 

Lightweight  dielectric  ribbon  cables  in  48  and  72-fiber  versions 
have  been  developed.  The  cables  were  tested  under  criteria 
prevalent  in  both  North  America  and  Europe,  and  show  excellent 
performance.  Characteristic  economics  have  been  explored 
showing  the  advantages  of  using  these  small  cable  designs  in  the 
current  economic  situation. 
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Abstract 

Two  concepts  of  EPFU,  based  on  single  fibers  and  ribbon 
technology  respectively,  are  introduced  and  discussed  from  a 
general  performance  point  of  view.  Unit  design  with  respect  to 
installation  performance,  mechanical  properties  and  optical 
performance  is  emphasized. 

A  new,  one-step  manufacturing  process  with  pertinent 
manufacturing  equipment  is  furthermore  introduced.  Key 
requirements  on  the  process,  such  as  line  speed,  surface 
modification  quality  and  stability  are  discussed. 

Keywords 

EPFU;  blown  fiber;  ribbon;  high-speed;  process 

1.  Introduction 

The  optical  access  networks  are  by  necessity  getting  closer  and 
closer  to  the  end  customers  as  the  bandwidth  demands  continue 
to  increase.  Only  optical  fibers  can  meet  the  bandwidth  demands 
of  the  future,  which  means  that  cost-effective  and  flexible  FTTx 
solutions  are  more  and  more  important. 

Air  blown  fibre  solutions,  consisting  of  small  fibre  units  blown 
into  pre-installed  micro-ducts,  play  an  increasingly  important 
role  in  these  solutions.  Homes  or  offices  can  be  connected  to  the 
network  in  any  order  and  at  any  time  when  the  demand  occurs. 

One  of  the  most  capable  fibre  units  for  air  blown  installation  is 
the  Enhanced  Performance  Fibre  Unit  (EPFU),  developed  by 
British  Telecom  (BT)  during  the  ‘eighties  and  ‘nineties.  These 
fiber  units,  typically  consisting  of  2-12  fibers,  can  be  installed  at 
lengths  in  excess  of  1000m  in  standard  3.5/5.0mm  micro  ducts. 
The  combination  of  the  installation  length,  flexibility  and  cost- 
effectiveness  of  the  air  blown  system,  makes  the  use  of  EPFU  in 
the  optical  access  networks  a  powerful  solution. 

Aim  and  scope 

This  paper  introduces  two  concepts  of  EPFU:  the  single-fiber 
EPFU  for  fiber  counts  up  to  8  fibers,  based  on  the  concept 
proposed  by  BT  [1],  and  the  new  ribbon  EPFU  for  fiber  counts 
up  to  12  fibers.  Both  concepts  are  designed  for  single-mode 
(SM),  multimode  (MM)  50jim  and  62.5pm  fibers. 

The  first  part  of  the  paper  deals  with  design  considerations  of 
the  two  EPFU  concepts  at  hand.  The  second  part  of  the  paper 
concerns  the  manufacture  of  such  EPFU’s  and  in  particular  a 
new  high-speed  manufacturing  process  with  pertinent 
manufacturing  equipment  is  introduced. 


A  new  family  of  flame  retardant  acrylates  is  also  discussed. 
These  materials  have  been  developed  by  DSM  Desotech  and  are 
partly  tailor-made  for  the  EPFU  application. 

2.  EPFU  design 

2.1  Basic  design 

Modem  EPFU’s  consist  of  a  number  of  fibers  or  ribbons 
encapsulated  in  one  or  more  layers  of  UV-curable  acrylates. 
EPFU’s  based  on  acrylates  are  referred  to  as  Mark  11  EPFU’s  in 
the  BT  terminology  and  the  first  versions  appeared  in  the  mid 
‘nineties.  Mark  1  blown  fiber  units  first  appeared  during  the 
early  ‘eighties  and  were  based  on  an  extrusion  process.  The 
main  advantages  of  using  a  unit  design,  as  well  as  a  process, 
based  on  UV-curable  acrylates  are: 

•  The  fibers  are  better  protected  in  acrylates.  Optical 
and  environmental  performance  is  better  compared  to 
extrusion  based  units 

•  It  is  easier  and  faster  to  access  the  fibers  during 
installation 

•  The  units  are  very  compact  which  means  that  the  duct 
utilization  can  be  optimized 

•  Processing  in  higher  line  speeds  is  possible  which 
reduces  manufacturing  cost  and  increases  capacity 

•  It  is  possible  to  modify  the  outer  surface  of  the  unit  to 
enhance  the  blow  performance  -  longer  blowing 
distances  are  achievable 

Figure  1  shows  the  cross-sections  of  the  Mark  II  single-fiber 
EPFU  and  ribbon  EPFU  products. 
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Figure  1.  Mark  II  EPFU  cross-sections 
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The  top  part  of  Figure  1  shows  the  2f,  4f  and  8f  single-fiber 
EPFU  (the  2f  single-fiber  EPFU  includes  a  ripcord  for  breakout 
purposes).  The  bottom  part  of  Figure  1  shows  the  2f,  4f,  8f  and 
12f-ribbon  EPFU.  All  ribbon  EPFU  units  are  built  up  from 
standard  2f  or  4f-ribbons.  The  nominal  outer  diameter  of  the 
units  are:  1.0mm  for  2f  and  4f  units,  1.4mm  for  8f  units  and 
1 .5mm  for  the  12f  unit. 

As  can  be  seen  in  Figure  1,  two  acrylate  layers  are  used  both  for 
the  single-fiber  concept  and  the  ribbon  concept.  The  inner  layer 
(buffer  layer)  consists  of  a  low  modulus  material,  about  lOMPa 
modulus,  chosen  to  protect  the  fibers.  Also,  the  inner  layer  must 
be  chosen  in  a  way  that  it  ensures  good  breakout  properties  for 
fibers  and  ribbons.  Since  Ericsson  ribbons  have  good  fiber 
breakout  performance,  the  user  can  decide  whether  the  ribbon 
should  be  spliced/connectorized  as  it  is  or  if  the  fibers  should  be 
accessed  individually.  The  Ericsson  Ribbonet™  FTTx  system  is 
based  on  ribbon  splicing/connectorizing. 

The  outer  layer  consists  of  a  material  with  a  high  modulus,  500- 
600MPa,  to  make  the  unit  mechanically  robust.  With  this  two- 
layer  design  in  mind  it  is  reasonable  to  draw  a  parallel  to  the 
design  of  standard  optical  fibers  and  the  ability  to  reduce  the 
effects  of  both  macrobend  and  microbend  attenuation  increases. 
Furthermore  it  is  essential  that  the  outer  layer  material  can 
accommodate  the  small  glass  beads  on  the  surface  that  are  used 
to  enhance  the  blow  performance,  see  Section  2.2. 

The  outer  layer  acrylate  is  colored  to  distinguish  different  fiber 
types,  i.e.  yellow  for  SM,  blue  for  MM50  and  fed  for  MM62.5. 

2.2  Blow  performance  and  installation 

In  this  section  the  design  of  EPFU  from  a  blow  performance 
point  of  view  is  discussed.  Installation  of  EPFU  is  carried  out 
with  a  blowing  tool  connected  to  an  air  compressor.  The  unit  is 
also  typically  pushed  by  a  wheel  as  a  complement  to  the  air 
flow. 

A  good  blow  performance  is  mainly  related  to  the  following 
properties  of  the  EPFU: 

•  Unit  stiffness 

•  Unit  weight  per  meter 

•  Unit  memory 

•  Unit  surface  modification 

Stiffness,  weight  and  memory 

Unit  stiffness  is  specified  with  a  minimum  and  maximum  value. 
A  low  stiffness  unit  will  tend  to  buckle  whereas  a  high  stiffness 
unit  will  have  problems  negotiating  sharp  bends  along  the 
installation  route.  The  stiffness  can  be  controlled  by  the 
modulus  of  the  materials  and  also  the  corresponding  layer 
thickness. 

Since  the  unit  is  dragged  forward  by  an  air  flow,  a  unit  too 
heavy  will  have  a  negative  impact  on  the  blow  performance. 
This  means  that  the  weight  must  also  be  specified  and 
controlled. 

Unit  memory  relates  to  the  tendency  of  the  unit  to  “remember” 
the  shape  of  the  reel  or  pan  it  is  delivered  on.  This  phenomenon 
can  clearly  have  a  negative  impact  on  the  blow  performance. 
Controlling  unit  memory  is,  like  the  unit  stiffness,  also  related  to 
the  modulus  of  the  materials  and  the  layer  thickness.  This  is 
further  discussed  in  Section  2.3. 


Unit  surface  modification 

The  surface  modification  of  the  EPFU  is  critical  to  the  blow 
performance.  The  modification  proposed  by  BT  consists  of 
small  glass  spheres  that  are  sprayed  onto  the  surface  of  the 
uncured  outer  acrylate  layer.  When  the  layer  is  cured  in  the  UV 
lamp,  the  glass  beads  are  partially  embedded  in  the  outer  layer. 
This  is  illustrated  in  Figure  2  and  Figure  3. 


.  1  I  'I  HIM  . 

Figure  3.  Cross-section  of  4-fiber  EPFU. 


There  are  three  reasons  behind  covering  the  surface  with  glass 
beads: 

1)  The  coefficient  of  friction  between  the  unit  and  the 
duct  wall  is  reduced 

2)  The  viscous  drag  force  caused  by  the  air  flow  is 
increased  due  to  an  increased  surface  roughness 

3)  Static  effects  between  the  EPFU  and  the  duct  wall 
are  minimized  due  to  the  material  properties  of 
glass. 

The  effect  on  blow  performance  from  different  types  of  glass 
beads  of  different  sizes  have  previously  been  investigated  by  BT 

m. 

Recent  tests  on  EPFU’s  have  indicated  that  a  bead  diameter  of 
about  lOOjim  is  optimum.  It  is  important  that  the  beads  do  not 
penetrate  the  outer  layer  too  much  so  that  the  acrylate  layer 
comes  into  contact  with  the  duct  wall.  Controlling  bead 
penetration  is  also  important  from  a  mechanical  point  of  view, 
see  Section  2.3. 

When  it  comes  to  the  bead  coverage,  i.e.  the  amount  of  beads 
per  surface  unit,  new  tests  have  been  performed  in  co-operation 
with  BTexact  Technologies.  Figure  4  shows  three  4-fiber  single 
fiber  EPFU  prototypes  with  different  degrees  of  bead  coverage 
and  surface  roughness  values.  The  units  have  been  installed  in 
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BTexact  Technologies’  blown  fiber  test  route  and  the 
installation  time  needed  to  reach  1000m  has  been  measured. 


Figure  4.  Prototype  EPFU’s  with  a  different 
degree  of  bead  coverage  and  Rz  values. 
Samples  are  labeled  A,  B  and  C  from  the  top  and 
down. 

The  blow  performance  and  corresponding  unit  Rz  value  is 
shown  in  Table  1  (the  Rz  value  is  the  mean  peak  to  valley 
height  calculated  according  to  the  DIN  standard).  The 
installation  time  is  normalized  with  the  installation  time  of 
sample  A. 


Table  1.  Blow  performance  comparison  of  three 
samples  with  different  bead  coverage  degree  and 
Rz  values. 


Sample 

Rz  [pm] 

Normalized 
installation  time 
compared  to  sample 

A  to  reach  1000m 

A  (top) 

67 

1.00 

B  (middle) 

74 

1.09 

C  (bottom)* 

53 

1.01 

*The  bead  grade  used  in  sample  C  contains  a  larger  portion  of  smaller 
diameter  glass  beads  compared  to  sample  A  and  B. 


As  can  be  seen  in  Table  1,  the  installation  time  is  rather 
independent  of  the  bead  coverage  and  the  Rz  value  on  the  three 
samples.  This  is  further  supported  by  blow  trials  not  reported  in 
this  example. 


The  surface  modification  by  means  of  glass  beads  is  thus 
summarized  as: 

•  There  shall  be  enough  beads  to  ensure  that  the  duct  wall  is 
not  touched  by  the  outer  acrylate  layer. 

•  The  surface  roughness  value  shall  be  maintained  within 
specification  for  the  same  reason.  This  is  controlled  by  the 
bead  size  and  the  bead  penetration. 

•  Variations  in  the  surface  roughness  value  do  not  affect  the 
blow  performance  significantly,  at  least  not  for  the  levels 
shown  in  Table  1. 

•  A  very  high  degree  of  bead  coverage  does  not  necessarily 
optimize  the  blow  performance.  Also,  too  many  beads  may 
affect  mechanical  and  optical  properties  of  the  unit. 

2.3  Mechanical  properties 

It  has  already  been  mentioned  in  Section  2.1  that  the  EPFU’s 
consists  of  two  layers  of  acrylates  for  protection;  a  soft  inner 
layer  and  a  hard  outer  layer.  The  two-layer  acrylate  concept  is 
very  well  suited  to  fulfill  all  mechanical  demands. 

Unit  robustness 

The  unit  shall  be  robust  to  protect  the  fibers  during  installation 
and  during  the  operating  life  time  when  installed  in  the  micro 
duct.  The  soft  inner  layer  absorbs  forces  that  originate  from 
bends  or  pressures  and  the  outer  layer  is  hard  and  tough  to 
prevent  damage  to  the  fibers  and  the  inner  layer. 

Stripping  and  handling 

The  unit  shall  be  easy  to  strip  and  handle  during  connectorizine 
and  splicing.  The  inner  acrylate  material  has  been  chosen  to 
optimize  fiber  and  ribbon  breakout.  It  is  also  beneficial  to  have  a 
soft  layer  inside  a  hard  layer  from  a  breakout  point  of  view.  The 
stripping  of  the  single  fiber  concept  follows  the  method  outlined 
in  the  BT  EPFU  specification  [2],  see  also  Section  2.6. 

Unit  memory 

The  unit  memory  is  controlled  by  optimizing  the  acrylate  layers 
modulus  and  thickness.  Generally  speaking  it  is  beneficial,  from 
a  memory  point  of  view,  if  the  materials  are  as  close  as  possible 
in  modulus.  This  optimization  is  a  trade-off  between  fiber 
protection  and  unit  memory. 

Accommodation  of  glass  beads  and  formation  of  cracks 

The  outer  layer  must  be  suited  to  accommodate  glass  beads  and 
prevent  the  unit  from  breaking  apart  when  subjected  to  bending 
forces. 

Firstly  it  is  important  to  control  the  bead  penetration  depth  to 
avoid  cracks  forming  down  to  the  buffer  layer  when  the  unit  is 
bent.  The  outer  layer  has  a  thickness  of  80-90(im  and  it  has  been 
found  that  a  minimum  distance  of  about  30-40jim  between  the 
buffer  layer  and  the  glass  beads  is  sufficient  to  prevent  cracks 
forming  during  normal  bending  situations.  This  is  illustrated  in 
Figure  5. 
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Secondly  it  is  important  that  the  outer  material  has  a  high 
elongation,  30%  or  more  [1],  in  order  to  reduce  the  risk  of 
cracks  forming  between  the  beads  and  the  surrounding  acrylate. 

2.4  Materials  and  flame  retardancy 

The  materials  used  for  the  new  EPFU  product  range  are 
developed  by  DSM  Desotech  and  are  a  part  of  a  new  family  of 
developmental  resins.  Due  to  advances  in  chemistry,  the 
materials  have  enhanced  abilities  compared  to  standard 
acrylates: 

•  All  materials  in  the  new  family  are  easy  to  process, 
meaning  that  a  good  product  quality  can  be  maintained  in 
high  line  speeds  and  at  high  material  flows  without  using 
extreme  acrylate  and  coater  temperatures 

•  The  materials  are  significantly  cheaper  compared  to 
comparable  acrylates  due  to  the  chemistry  used 

•  The  materials  have,  for  acrylates,  unique  flame  retardant 
abilities.  The  materials  preliminary  fulfill  the  UL94  VO 
standard  (UL94  Part  8.4.1,  3.5mm  specimen  thickness). 

The  materials  have  been  partly  tailor-made  for  the  EPFU 
application,  especially  the  high-elongation  outer  acrylate 
material. 

2.5  Optical  and  environmental  properties 

EPFU’s  are  typically  used  both  in  indoor  and  outdoor 
applications.  This  means  that  the  unit  design  must  take  into 
account  a  wide  operating  temperature  interval. 

The  two-layer  acrylate  concept  described  earlier  is  well  suited  to 
protect  the  fibers  from  harsh  environments  such  as  low  (-40°C) 
and  high  (+70°C)  temperatures  and  moisture.  Since  there  is  no 
accepted  international  standard  applicable  for  EPFU’s,  the 
Ericsson  EPFU’s  are  tested  in  accordance  with  the  pertinent  BT 
specifications  [2],  see  Section  2.6. 

The  BT  specifications  include  temperature  cycling,  water 
immersion  and  mechanical  tests  on  the  units. 

2.6  Standards  and  specifications 

Ongoing  standardization  work  is  represented  by  an  IEC  work 
proposal:  IEC  60794-3-50  Micro-cables ,  fiber  units  and  mini¬ 
tube  systems  for  installation  by  blowing  technique  [3].  The 
proposal  outlines  tests  and  requirements  on  both  tubes  and  fiber 


members.  The  tests  concerning  the  fiber  units  are:  kink,  bend, 
crush,  tensile  performance,  temperature  cycling,  heat  aging  and 
water  soak.  Installation  performance  is  not  included  in  the 
proposal. 

Until  now,  and  until  the  IEC  standard  is  widely  accepted,  the 
BT  specification  for  EPFU’s  has  been  more  or  less  acting  as  a 
standard. 

3.  EPFU  processing 

A  completely  new  process  and  pertinent  process  equipment  has 
been  developed  for  manufacturing  of  the  EPFU’s  described  in 
Chapter  2.  Here  we  will  first  focus  on  general  process  and 
equipment  requirements  in  Section  3.1  and  then  turn  to  the 
actual  implementation  in  the  Nextrom  OFC22  EPFU  line  in 
Section  3.2. 

3.1  General  process  requirements 

In  the  case  of  EPFU  it  is  very  important  to  reduce  the 
manufacturing  cost,  since  FTTx  systems  typically  depend  on  a 
low  total  cost  to  be  competitive.  Modem  production  lines  for 
fiber  optic  products  are  designed  for  high  line-speeds,  high 
capacity  and  minimum  scrap  and  down-time  to  reduce  the 
manufacturing  cost.  Advanced  line  control  systems  are  used  to 
control  every  detail  of  the  process. 

Some  of  the  process  requirements  are  general,  like  reducing 
down-time,  guaranteeing  product  quality  and  maximizing 
capacity,  while  some  requirements  are  unique  to  the  EPFU 
product.  We  will  here  list  the  key  requirements  on  the  EPFU 
process  and  pertinent  equipment  that  were  used  when  the 
process  and  production  line  were  developed: 

•  A  one-step  process.  Additional  operations  increase  the  cost 
significantly.  This  means  that  both  acrylate  layers,  and  also 
the  surface  modification,  must  be  applied  in  one  process 

•  Single-fiber  EPFU  and  ribbon  EPFU  produced  in  the  same 
line.  The  dual  concept  of  this  product  will  lead  to  certain 
requirements  for  the  production  equipment,  for  instance  a 
dual  pay-off  system  and  different  die-sets  for  the  coaters. 

•  Line  speed  >  300m/min 

•  Production  lengths  up  to  25km  in  one  set-up 

•  Fast  and  optimized  ramps  to  reduce  scrap 

•  Continuous  acrylate  feeding  system  to  minimize  down-time 

•  Operating  friendly  design. 

The  line  speed  is  limited  by  the  spray  chamber  used  to  modify 
the  unit  surface.  When  the  line  speed  is  too  high,  it  may  be 
difficult  to  obtain  the  bead  coverage  necessary  for  a  good  blow 
performance.  At  300m/min  the  unit  will  only  be  inside  the  spray 
chamber  for  about  0.1s.  The  spray  chamber,  developed  by 
BTexact  Technologies,  has  been  successful  in  achieving 
300m/min  with  good  quality  and  it  is  even  possible  that  the  line 
speed  can  be  increased  in  the  future. 

Without  the  spray  chamber  active,  line  speeds  of  600m/min  or 
more  are  typically  possible.  This  is  interesting  for  future 
increases  in  line  speed  and  when  producing  other  products  in  the 
line. 
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3.2  Nextrom  OFC22  EPFU  line 

The  new  EPFU  line  is  based  on  long  experience  with  ribbon 
lines,  UV-curing  and  fiber  handling  technology.  All 
requirements  listed  in  Section  3.1  are  fulfilled  with  the  line.  The 
process  lay-out  of  the  line  is  shown  in  Figure  6  and  a  picture  of 
the  same  is  shown  in  Figure  7. 


TAKE-UP  CAPSTAN  SECONDARY  COATING  PRIMARY  COATING 


Figure  7.  OFC22  EPFU  line.  Spray  chamber  not 
fitted  at  secondary  coating  stage  in  this  picture. 


General  features 

As  can  bee  seen  in  Figure  7,  the  line  features  two  vertical 
coating  stages,  called  primary  and  secondary  coating,  with 
independent,  automated  acrylate  feeding  systems.  This  line 
configuration,  which  is  very  similar  to  a  standard  ribbon  line, 
makes  the  line  easy  to  operate  since  no  ladders  or  similar 
equipment  is  necessary  for  the  operation.  Also,  the  line  will 
physically  fit  into  average  clean  rooms  since  no  tower  structure 
is  required.  The  function  of  the  spray  chamber  also  requires  a 
vertical  operating  direction. 

An  integrated  line  computer  with  a  dedicated  control  software 
controls  all  the  relevant  process  parameters  to  maintain  a  high 
product  quality.  Control  parameters  include  line  speed  and 
ramps,  acrylate  feeding  controls,  UV-system,  fiber  tension 
control  etc. 

Pay-offs 

The  line  features  a  unique  dual  pay-off  system  to  handle  both 
the  single-fiber  and  ribbon  EPFU  concepts,  see  Figure  8.  The 
prototype  EPFU  line,  shown  in  Figure  7,  is  equipped  with  three 
heavy  pay-offs,  suitable  for  ribbon  reels,  and  four  fiber  pay-offs, 
suitable  for  standard  fiber  reels.  The  number  of  pay-offs  can 
easily  be  increased  for  higher  fiber  count  units  since  the  line  is 
of  a  modular  design. 


The  pay-off  tensions  are  individually  controlled  in  order  to 
optimize  the  excess  lengths  of  both  fibers  and  ribbons  in  the 
EPFU. 


ribbon  reels. 

Primary  coating  system 

The  primary  coating,  i.e.  the  buffer  layer,  is  applied  right  after 
the  pay-offs.  The  coaters  are  of  a  completely  new  design  and  are 
optimized  for  high-speed  processing  with  large  flows  of 


Figure  9.  EPFU  coating  system  with  coater  table 
and  coater. 


All  products  within  the  EPFU  product  range  have  different 
guide  dies  at  the  inlet  of  the  primary  coater  to  build  up  the 
correct  geometry  of  the  unit.  The  circular  exit  die  then 
determines  the  dimension  of  the  buffer  layer. 

The  4-  and  8-fiber  single-fiber  EPFU’s  feature  a  void  in  the 
middle  of  the  unit,  see  Figure  1.  This  void  has  two  purposes:  1) 
to  avoid  problems  with  trapped  air  in  the  center  of  the  unit  when 
the  layer  is  cured  in  the  UV-lamp  and  2)  to  define  and  maintain 
the  unit  geometry. 

The  acrylate  is  fed  from  an  electrically  heated  vessel  inside  the 
line  via  an  electrically  heated  hose.  The  temperature  of  the 
acrylate  is  controlled  by  the  line  control  software  by  means  of  a 
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temperature  sensor  just  before  the  coater.  The  primary  layer  is 
cured  in  a  600W  Fusion™  VPS  lamp. 

Secondary  coating  system 

The  secondary  coating  layer,  i.e.  the  outer  layer,  is  applied  in  a 
similar  coater  as  the  primary  coating  layer.  In  this  case, 
however,  the  dies  are  all  circular  but  with  different  dimensions 
corresponding  to  the  fiber  counts. 

The  surface  of  the  unit  is  modified  in  the  secondary  coating 
stage  by  means  of  the  spray  chamber  developed  by  BTexact 
Technologies.  The  small  glass  beads  are  sprayed  onto  the  wet, 
uncured  surface  of  the  unit  right  after  the  outer  layer  has  been 
applied.  The  main  parameters  to  control  are  the  degree  of  bead 
coverage  and  the  bead  penetration  depth,  see  further  Section  2.2. 
The  outer  layer  with  the  glass  beads  on  it  is  then  cured  in  a 
600W  Fusion™  VPS  lamp  to  create  a  solid  surface  modified  for 
blow  performance  enhancement. 

The  exact  design  and  function  of  the  spray  chamber  cannot  be 
published  in  this  paper  due  to  legal  constraints. 

Capstan  and  take-up 

The  capstan  is  creating  a  constant  speed  for  the  process.  It  is 
also  working  as  a  length  calculation  point.  After  the  capstan  the 
end  product  can  be  marked  by  an  ink-jet  printer  for  product 
identification.  It  is  also  possible  to  perform  the  marking  during 
the  panning  operation  (i.e.  the  coiling  of  EPFU  into  field  use 
plastic  pans). 

Before  the  take-up,  the  product  diameter  is  measured.  An  alarm 
can  be  set  for  diameter  tolerance. 

The  fiber  unit  is  then  winded  to  a  FRT  take-up  system  which  has 
been  modified  to  handle  extra  heavy  ribbon  reels,  corresponding 


Figure  10.  FRT  take-up  with  a  one  loop  dancer 
system  modified  for  heavy  ribbon  reels. 


The  one  loop  dancer  system  provides  easy  setup  and  a  wide 
range  of  tension  settings  for  optimum  product  spooling. 

Other  features 

There  are  also  some  other  special  line  modifications  that  are 
related  to  the  EPFU  products.  One  example  is  the  extra  large 
diameter  of  the  top  and  bottom  pulleys  after  the  primary  and 
secondary  coating  systems.  These  large  wheels  are  used  to  prevent 
the  ribbons  in  the  ribbon  EPFU  concept  from  travelling  different 
distances.  The  effect  is  most  notable  for  the  12-fiber  unit,  where 
the  bottom  ribbon  tend  to  get  buckled,  with  attenuation  increases 
as  a  result,  if  the  pulleys  have  too  small  diameters. 

All  pulleys  and  guide  wheels  have  also  been  fitted  with  a  special 
groove  shape  with  a  small  radius  in  the  bottom  for  stable 
processing. 

Producing  other  products  in  the  line 

By  changing  coaters,  materials  and  guide  pulleys,  the  line  can  also 
be  used  to  produce  other  products.  Examples  are  standard  ribbons, 
splittable  ribbons  and  tight-coated  fibers. 

4.  Conclusions 

Two  concepts  of  EPFU  have  been  introduced  and  discussed 
from  a  general  design  and  performance  point  of  view.  The 
single-fiber  concept  is  based  on  the  concept  proposed  by  BT  and 
consists  of  2-,  4-  and  8-fiber  units.  The  new  ribbon  EPFU 
concept  is  unique  in  the  way  that  the  fibers  can  be  accessed  as 
ribbons  or  as  single  fibers  depending  on  the  application.  Ribbon 
EPFU  consists  of  2-,  4-,  8-  and  12-fiber  units. 

Key  product  performance  areas  like  blow  performance, 
mechanical  robustness,  mechanical  handling  and  optical 
performance  have  been  discussed.  A  family  of  developmental 
flame  retardant  acrylates  has  also  been  introduced  into  the 
EPFU  product  range. 

A  unique  manufacturing  process  for  both  EPFU  concepts  has 
furthermore  been  introduced.  Key  features  are  a  one-step 
process,  high-line  speed  and  a  new  production  line  capable  of 
producing  both  concepts. 
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Abstract 

Several  properties  of  loose  buffer  tubes  or  secondary  coatings  of 
optical  fibers  are  important.  Today,  the  producers  resort  to  trial 
and  error  to  arrive  at  process  conditions  which  result  in 
acceptable  properties  of  the  loose  buffer  tubes,  because  this  task 
requires  special  know-how  which  is  not  very  common.  The 
producers  normally  find  some  acceptable  conditions,  but  these 
can  be  far  from  the  optimal  conditions.  It  is  still  difficult  to  find 
the  process  conditions  which  will  lead  to  narrowly  specified 
properties.  To  make  this  task  easier  and  more  systematic,  a  lot  of 
valuable  infrastructure  and  knowledge  has  now  been  created.  As 
suppliers  of  extrusion  equipment  for  the  loose  buffer  tubes, 
Nextrom  has  taken  the  responsibility  to  provide  a  high  standard 
of  support  services  to  ensure  that  the  user  of  their  extrusion  lines 
derive  the  best  from  the  equipment. 

Today,  the  user  can  key  in  the  desired  characteristics  of  the  loose 
buffer  tubes  in  terms  of  three  properties,  viz.,  excess  fiber  length, 
shrinkage,  tensile  modulus,  and  the  process  guidance  system 
shows  the  process  conditions  which  will  result  in  the  desired 
properties,  if  feasible.  This,  obviously,  needs  quantitative 
knowledge  about  the  effects  of  process  variables  like  line  speed 
and  cooling  water  temperature  on  the  product  properties. 
Advanced  techniques  of  nonlinear  modelling,  which  have  come 
up  in  the  last  ten-twelve  years,  have  been  utilized  to  develop 
sophisticated  nonlinear  models  of  the  loose  buffer  tube 
properties,  for  a  variety  of  fiber/tube  configurations. 

This  paper  describes  nonlinear  models  for  three  product 
properties  of  one  fiber/tube  configuration,  along  with  how  these 
models  are  utilized  for  control  of  the  properties.  As  a  conclusion, 
the  task  of  determining  good  process  conditions  has  been 
automated  to  a  good  extent,  which  makes  a  lot  of  valuable 
quantitative  knowledge  available  to  the  users  for  their  benefit. 

Keywords 

Loose  buffer  tube;  PBT;  excess  fiber  length;  shrinkage;  tensile 
modulus;  nonlinear  modelling. 


1.  Introduction 

Every  industrial  sector  faces  competition  and  OFCs  are  no 
exception.  Some  compete  by  price,  some  by  quality,  some  by 
their  marketing  prowess.  Competitiveness  on  a  sustainable  basis 
comes  usually  from  quality  and  production  economics.  Too  many 
companies  offer  equipment  that  can  produce  the  products,  but 
few  offer  the  added  value  in  terms  of  optimized  designs,  and 
fewer  offer  packaged  expertise  and  process  know-how  to  get  the 
most  from  the  equipment.  Nextrom  wants  its  customers  to  derive 
the  most  from  their  equipment,  and  is  in  a  position  to  provide 
relevant  automation  solutions  in  a  compact  form.  These  solutions 
are  aimed  at  helping  its  customers  improve  the  quality  of  the 
loose  buffer  tubes,  and  maximizing  the  line  speeds  while 
maintaining  the  desired  characteristics  of  the  buffer  tubes. 

Secondary  coating  is  a  plastics  extrusion  process,  followed  by 
controlled  cooling  and  winding  under  tension  (Figure  1).  The 
properties  of  loose  buffer  tubes  like  excess  fiber  length  depend  to 
a  large  extent  on  the  process  variables  and  the  material  properties 
of  the  plastic.  For  a  given  product,  the  plastic  material,  the  jelly, 
the  external  and  internal  diameters,  and  the  number  of  optical 
fibers  in  it  are  fixed.  The  properties  of  the  buffer  tubes,  then 
depend  on  the  process  variables,  starting  from  tension  on  the 
optical  fibers,  extrusion  variables,  jelly  temperature,  cooling 
water  temperature,  line  speed,  capstan  location,  winding  tension, 
etc. 

A  large  part  of  technological  development  today  is  based  on 
automation  systems.  Automation  systems  are  getting  more  and 
more  sophisticated,  more  and  more  intelligent  all  the  while. 
These  automation  systems  improve  the  quality  of  the  products, 
make  the  processes  smoother  and  often  make  the  task  of  the 
production  people  easier.  Electronics  and  computers  have 
expedited  the  improvements  in  automation  systems  to  a  great 
extent  particularly  in  the  last  decade.  Today,  computers  do  more 
and  more  of  what  used  to  be  done  by  human  beings.  Automation 
is  the  future.  Macroeconomic  growth  to  a  larger  and  larger  extent 
will  depend  on  the  degree  of  automation.  Better  quality,  better 
efficiency,  higher  productivity  per  employee  in  an  industry  means 
better  competitiveness.  Automation  helps  in  all  these  aspects.  We 
simply  can’t  afford  today  not  to  continuously  improve  the  degree 
of  automation  of  our  industries. 
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At  the  core  of  the  automation  systems  is  mathematics. 
Mathematical  models  determine  to  a  great  extent  the  efficiency  of 
the  automation  systems.  Today’s  process  industries  use  a  variety  of 
quality  assurance  and  quality  control  systems.  Often  they  work 
quite  well.  The  difficulty  with  them  is  that  they  are  usually  not 
updated  often  to  reflect  the  present  state  of  the  process  and  the 
equipment.  The  models  used  are  often  linear,  based  on  linear 
regression  on  a  large  number  of  variables.  The  models  may 
sometimes  exhibit  misleading  trends.  The  effects  of  process 
variables  on  the  main  variable  of  interest  may  not  be  predicted 
reliably. 


The  high-speed  secondary  coating  line  (Figure  1)  is  especially 
designed  for  loose  tube  production  but  it  can  be  modified  for 
fiber  bundle  or  premises  cable  production  thanks  to  its 
modularity.  The  line  comprises  multiple  new  innovations  for  high 
productivity  and  minimized  scrap.  Secondary  coating  is  an 
important  phase  in  the  manufacturing  process  of  fiber  optic 
cables.  The  process  is  important  in  two  ways.  Stability  and 
repeatability  of  the  process  together  with  high  production  speeds 
and  flexibility  of  operation  have  been  the  key  criteria  in  designing 
this  line. 


Figure  1.  Extensive  quantitative  knowledge  about  the  loose  buffer  tube  production  line  makes  it  easier  for 
the  users  to  derive  high  line  speeds  while  maintaining  the  properties  within  desired  limits 


2.  Nonlinear  modelling 

There  are  hardly  any  processes  in  this  world  which  are  absolutely 
linear.  It  is  therefore  wise  to  treat  the  nonlinearities  rather  than 
ignore  them.  To  treat  the  nonlinearities,  one  can  use  new 
techniques  of  nonlinear  modelling,  like  artificial  neural  networks. 
The  proponents  of  linear  techniques  draw  on  their  simplicity  and 
the  possibility  of  adding  nonlinear  terms  in  linear  regression.  Often 
this  is  not  done,  and  is  not  efficient  even  if  it  is  done.  Nature  does 
not  follow  the  simplicities  that  we  try  to  fit  it  in,  using  linear 
techniques. 

Neural  networks,  on  the  other  hand,  have  the  so-called  universal 
approximation  capability  which  make  them  suitable  for  most 
function  approximation  tasks  we  come  across  in  process  industries. 
The  user  does  not  need  to  know  the  type  and  severity  of 
nonlinearities  while  developing  the  models. 


2-1-  Artificial  neural  networks 

Artificial  neural  networks  resemble  structurally  and  to  a  smaller 
extent  functionally  the  networks  of  neurons  in  biological  systems. 
Like  the  networks  of  neurons  in  the  brains,  artificial  neural 
networks  also  consist  of  neurons  in  layers  directionally  connected 
to  others  in  the  adjacent  layers  (see  Figure  2). 

There  are  many  different  types  of  neural  networks,  and  some  of 
them  have  practical  uses  in  process  industries  [1].  Neural 
networks  have  been  in  use  in  process  industries  for  about  ten 
years.  The  multilayer  perceptron,  a  kind  of  a  feed-forward  neural 
network,  is  the  most  common  one.  Most  neural  network 
applications  in  industries  [2-10]  are  based  on  them.  Nonlinear 
modelling  can  also  be  done  in  many  other  ways.  Neural  networks 
have  been  utilized  for  several  purposes  in  plastics  industries. 
Much  of  the  work  of  the  authors  is  confidential  and  is  therefore 
not  published. 
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Outputs 


Inputs 

Figure  2.  A  typical  feed-forward  neural  network 


The  output  of  each  neuron  i  in  a  feed-forward  neural  network  is 
given  by 


Zt  ~  <J\ 


(  N 

Hwvxj 

U-°  ) 


where  the  activation  function  is  usually  the  logistic  sigmoid,  given 

by 


There  is  a  lot  to  learn  from  ten  years  of  experiences  with  nonlinear 
modelling  in  a  wide  range  of  process  industries.  The  following 
factors  seem  to  be  common  to  most  success  stories: 

a  problem  fit  for  empirical  modelling 

significant  benefits  from  solving  the  problem 

expertise  and  years  of  experience  of  neural  network  modelling 

an  understanding  of  process  engineering  and  the  materials 

-  powerful  software  tools 

a  functional  implementation  of  the  models  in  easily  usable 
form 


The  incoming  signals  to  the  neuron  are  xj9  and  wy  are  the  weights 
for  each  connection  from  the  incoming  signals  to  the  zth  neuron. 
The  wi0  terms  are  called  biases.  This  results  in  a  set  of  algebraic 
equations  which  relate  the  input  variables  to  the  output  variables. 
Thus,  for  each  observation  (a  set  of  input  and  output  variables),  the 
outputs  can  be  predicted  from  these  equations  based  on  a  given  set 
of  weights.  The  training  procedure  aims  at  determining  the  weights 
which  result  in  the  smallest  sum  of  squares  of  prediction  errors. 

There  are  a  variety  of  training  methods  in  use  today.  Back- 
propagation  used  to  be  the  most  common  training  method  about 
ten  years  back.  Today,  most  people  use  good  optimization  methods 
instead. 


2.2.  Quality  of  the  nonlinear  models 

A  large  number  of  people  today  claim  to  be  able  to  develop 
neural  network  models.  A  large  number  of  people  can  offer  you 
impressive  user  interfaces  that  hide  the  details  of  the  neural 
network  models  inside.  However,  not  many  people  can  solve  real- 
world  problems.  Very  few  are  able  to  produce  industrially  usable 
systems  of  good  quality.  Fewer  are  consistently  successful  in 
every  project  they  agree  to  take.  The  result  is  that  there  is  a  wide 
variation  in  the  quality  of  nonlinear  models.  How  do  you  know 
which  models  are  good  and  which  models  are  not  ?  In  other 
words,  what  are  the  characteristics  that  you  look  for  in  a  good 
nonlinear  model  ?  What  kind  of  software  tools  and  techniques 
help  ensure  a  good  quality  ? 
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2.3.  Characteristics  of  good  nonlinear  models 

The  simple  answer  to  the  first  question  is  that  the  proof  of  the 
pudding  is  in  the  eating:  A  good  model  has  to  work.  There  is  of 
course  more  to  it  than  that.  A  good  model  for  industrial  purposes 
has  to  be  reliable.  Accuracy  is  secondary.  A  good  industrial  model 
has  to  be  robust.  You  want  a  model  that  can  be  updated  relatively 
easily.  You  want  the  model  to  have  some  transparency,  and  the 
simpler  the  better.  At  the  same  time,  a  good  model  efficiently 
treats  all  the  important  nonlinearities.  Reliability,  robustness, 
simplicity,  maintainability  often  come  at  the  cost  of  accuracy  and 
efficient  treatment  of  nonlinearities.  These  conflicting  demands 
make  nonlinear  modelling  a  harder  task.  That  does  not  leave  too 
many  people  who  will  offer  you  all  these  attributes.  Most  are 
satisfied  with  claiming  accuracy.  It  is  important  to  insist  on  highly 
reliable  and  robust  models  because  several  decisions  might  be 
made  based  on  the  answers  from  these  models.  Considering  the 
possible  effects  these  decisions  can  have,  it  becomes  quite  obvious 
that  the  models  should  be  of  as  good  quality  as  possible. 

In  other  words,  the  quality  of  a  nonlinear  model  is  much  more  than 
accuracy,  and  there  is  a  scarcity  of  quality  of  nonlinear  modelling 
today.  There  are  no  simple  ways  of  measuring  reliability  and 
robustness  of  nonlinear  models.  How  does  one  ensure  these  and 
other  features  ?  Experience  and  expertise  are  essential  for  neural 
network  model  development.  However,  a  good  software  tool  goes 
a  long  way  by  offering  you  a  variety  of  measures  that  tell  you  of 
possible  undesirable  features  in  the  models. 

2.4.  Features  of  good  nonlinear  modelling  software 

Good  nonlinear  modelling  software  consists  of  facilities  for  (1) 
preprocessing  of  the  data,  (2)  training,  testing  and  validation  of  the 
models,  and  (3)  a  detailed  analysis  of  the  resulting  models  which 
can  tell  you  something  about  the  reliability  and  robustness  of  the 
models. 

A  good  software  package  should  let  you  divide  your  data  set  into 
training,  test  and  validation  sets  of  sizes  you  prefer,  sequentially, 
blockwise  or  randomly.  It  should  tell  you  how  balanced  the 
division  is,  and  where  the  imbalances  are.  No  division  is  perfectly 
balanced.  A  measure  of  the  imbalance  helps  in  comparing  possible 
divisions  of  the  data  and  interpretation  of  final  results. 

Training  is  an  optimization  task  for  which  good  optimization 
techniques  should  be  used.  Therefore,  a  good  software  should  be 
based  on  good  optimization  techniques.  In  process  industries,  there 
is  usually  no  good  reason  to  use  back  propagation  or  one  of  its 
variations.  The  software  should  report  several  measures  of  the 
errors  including  variance,  standard  deviation  or  rms  error,  rms  % 
error,  etc.  and  also  record  each  individual  residual.  It  helps  to  know 
if  some  observations  always  have  large  prediction  errors. 

A  good  software  tool  should  also  let  you  see  what  each  neuron  in  a 
neural  network  is  doing.  Often  there  are  dead  neurons,  neurons 
performing  the  wrong  task,  or  doing  too  little.  Sometimes  two 
neurons  are  found  doing  exactly  the  same  task.  It  should  record  the 


effects  of  each  input  variable,  and  some  details  of  the 
nonlinearities  present.  A  facility  for  sensitivity  analysis  is  also 
useful.  It  is  also  useful  to  see  the  saturation  levels  of  neural 
network  models.  This  kind  of  analysis  often  exposes  undesirable 
features  in  a  neural  network  model. 

3.  Nonlinear  models  of  three  properties 

In  this  work,  feed-forward  neural  network  models  (Figure  2)  were 
developed  based  on  experimental  data  with  process  variables  as 
inputs.  The  nonlinearities  are  visible  in  the  neural  network  models 
(Figure  6).  The  neural  networks  used  logistic  sigmoid  activation 
functions,  and  were  found  to  work  well.  This  is  a  typical  situation 
where  the  conventional  linear  statistical  techniques  are  not 
effective. 

Levenberg-Marquardt  method  [11-13]  was  used  to  determine  the 
free  parameters  of  the  models.  Determining  the  free  parameters  of 
these  models  is  essentially  a  least  squares  minimization  problem, 
where  the  sum  of  squares  of  prediction  errors  is  minimized.  Back- 
propagation  was  a  very  popular  technique  in  the  earlier  years, 
which  is  an  approximation  to  the  steepest  descent  method. 
However,  today,  almost  all  serious  work  is  done  with  better 
optimization  methods.  The  first  order  optimization  methods  use 
first  derivatives  to  determine  descent  directions,  often  combined 
with  a  line  search  to  determine  the  step  length.  The  second  order 
methods  use  a  Taylor-series  approximation  to  determine  a  better 
measure  of  the  minimum  assuming  that  the  second  order  term  of 
the  Taylor  series  sufficiently  represents  the  nonlinearity  of  the 
function  to  be  minimized.  The  Marquardt  method  finds  a 
direction  between  that  of  the  steepest  descent  and  a  plain  second 
order  method  which  ensures  that  every  iteration  leads  to  an 
improvement  in  the  function  value  until  a  local  minimum  is 
reached.  There  are  variations  of  this  method  and  improvements 
which  reduce  calculation  time.  Second  order  methods  consume  a 
lot  of  time  in  evaluation  of  second  derivatives  or  their 
approximations. 

3.1.  Comparison  between  linear  and  nonlinear 
models 

Often  linear  and  nonlinear  models  have  similar  accuracies. 
Nonlinear  models  should  be  at  least  as  accurate  as  linear  models, 
but  the  improvement  may  be  small  in  magnitude.  Even  in  such 
cases,  nonlinear  models  are  usually  better  in  many  respects. 
However,  for  this  data  set,  there  is  a  visibly  large  difference 
between  the  linear  and  nonlinear  models. 

Figure  3  shows  the  results  on  modelling  of  excess  fiber  length  on 
the  total  data  set.  The  nonlinear  model  demonstrates  a  clear 
superiority  over  the  linear  model.  The  maximum  error  of  the 
linear  model,  0.1249  is  almost  twice  the  maximum  error  of  the 
nonlinear  model,  0.0696.  The  rms  (root  mean  square)  error  of  the 
linear  model  is  0.508  compared  to  0.318  for  the  nonlinear  model. 
The  mean  absolute  errors  show  a  similar  difference. 
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nonlinear  model  ■  linear  model 


Figure  3.  The  nonlinear  model  for  excess  fiber  length  is  significantly  more  accurate  than  the  linear  model 


Figure  4.  A  comparison  of  measured  values  (horizontal  axis)  with  predictions  from  the  nonlinear  model 


4-  Secondary  Coating  Guidance  System 

The  nonlinear  models  can  be  cumbersome  to  use  in  the  form  of 
equations.  For  industrial  use,  it  is  important  to  make  them  easily 
accessible.  A  process  guidance  system  has  therefore  been 
developed  so  that  industries  can  utilize  this  technology  without  the 
need  for  nonlinear  modelling  experts.  This  system  also  allows  us  to 
see  the  characteristics  of  the  models  (Figure  4). 

Several  product  properties  of  buffer  tubes  are  important  for  the 
producers  and  the  users.  These  properties  include  excess  fiber 


length,  dimensional  accuracy  (diameter,  circularity,  concentricity) 
of  the  tubes,  elasticity,  etc.  Excess  fiber  length  was  the  first 
product  property  to  be  taken  into  account  while  developing  the 
guidance  system  for  secondary  coating.  Excess  fiber  length 
depends  on  several  process  variables,  material  characteristics  of 
the  tube  material  and  the  jelly,  and  the  dimensions  of  the  buffer 
tube  (inner  and  outer  diameters).  Depending  on  the  priorities  and 
the  needs  of  a  given  production  unit,  different  input  vectors  can 
be  implemented  in  the  guidance  system. 
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Figure  5.  The  prediction  screen  in  the  Secondary  Coating  Guidance  System  allows  the  user  to  calculate  the  properties  after 

feeding  in  the  process  variables 


In  the  examples  shown  in  the  successive  figures,  four  input 
variables  are  considered:  line  speed,  cooling  water  temperature, 
pay-off  tension  and  capstan  location.  Figure  5  shows  a  simple 
calculation  predicting  excess  fiber  length,  shrinkage  and  tensile 
modulus  from  these  four  variables.  Excess  length  means  excess 
fiber  length  measured  within  two  hours  after  extrusion.  Shrinkage 
means  the  change  in  the  length  of  an  unstressed  tube  caused  by 
one-hour  heat  treatment  in  80  °C. 

It  is  easy  to  change  the  models,  which  may  also  have  a  different 
configuration.  The  system  expects  the  models  to  be  in  files  of  a 
certain  format.  These  files  can  be  replaced  to  change  the  models. 
In  future,  the  user  will  be  able  to  pick  the  model  of  his  choice  at 
run  time  also. 

Another  window  allows  the  user  to  see  the  effects  of  the  input 
variables  on  the  product  property  of  interest.  These  plots  also  give 
a  hint  of  how  the  performance  can  be  improved.  Figure  6  shows 
the  effects  of  line  speed  and  water  temperature  on  excess  fiber 
length. 

The  guidance  system  also  allows  the  user  to  calculate  suitable 
process  variables  within  specified  limits  with  a  single  click  of  a 
mouse,  in  less  than  a  second. 

In  addition,  there  are  features  for  determining  the  minimum  or 
maximum  of  these  properties  in  presence  of  box  constraints.  For 
example,  it  is  possible  to  solve  the  following  kind  of  optimization 
problems  with  the  Secondary  Coating  Guidance  System  in  a  few 


seconds.  Sometimes,  there  is  no  feasible  solution  to  the  problem, 
in  which  case,  it  tries  to  find  a  good  compromise. 


Find  line  speed,  payoff  tension,  cooling  water  temperature  and 
capstan  distance  to 

minimize  excess  fiber  length 

subject  to 

300  <  line  speed  <  500 

60  <  payoff  tension  <  1 50 

20  <  cooling  water  temperature  <  60 

7  <  capstan  distance  <  1 3 

shrinkage  <  0.65 

1450  <  tensile  modulus 

This  feature  can  also  be  utilized  to  study  the  possible  variations  in 
properties  in  presence  of  uncertainties  about  the  process  variables. 
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5.  Conclusions 

Nonlinear  models  were  found  to  be  suitable  for  process 
guidance  of  secondary  coating  while  linear  techniques 
cannot  perform  the  same  tasks.  This  is  a  typical  case  where 
linear  statistical  techniques  are  not  suitable.  A  process 


guidance  system  has  been  developed  which  puts  this  new 
technology  at  the  fingertips  of  the  production  engineers.  This 
is  demonstrated  in  the  article  with  three  properties  of  loose 
buffer  tubes,  viz.,  excess  fiber  length,  shrinkage  caused  by 
heat  treatment  and  tensile  modulus. 


Figure  6.  One  window  in  the  Secondary  Coating  Guidance  System  allows  the  user  to  see  the  effects  of 
process  variables  like  cooling  water  temperature  on  properties  like  excess  fiber  length 
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Abstract 

The  production  of  optical  fibers  requires  rigorous  materials  handling 
to  ensure  the  highest  quality  of  the  resulting  products.  The  supply 
of  the  gases  and  chemicals  depends  greatly  on  the  types  and 
volumes  of  fibers  produced. 
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1.  Introduction 

Optical  fiber  manufacture  has  undergone  a  profound  transformation 
in  the  last  few  years,  driving  both  fiber  properties  and  fiber  prices. 
Increasingly  stringent  performance  requirements  have  resulted  in 
tighter  manufacturing  tolerances,  affecting  both  raw  material 
specifications  and  supply  modes.  At  the  same  time  the  telecom 
slump,  initiated  after  record  fiber  production  in  2001  and  then 
diving  towards  a  long  “bottom”  in  2002  and  beyond,  has  resulted  in 
depressed  fiber  demand  as  well  as  pricing  that  has  squeezed 
margins  and  challenged  the  ability  of  some  manufacturers  to  remain 
in  business.  For  example,  conventional  single-mode  fiber  (CSF) 
prices  have  dropped  below  $20/f-km  and  in  some  geographies  have 
reached  as  low  as  $15/f-km  [1],  which  in  many  cases  is  perilously 
close  to  the  cost  of  production  of  the  fiber.  At  the  same  time  much 
of  the  existing  fiber  manufacturing  capacity  has  been  idled  or 
“throttled  back”,  resulting  in  lower  machine  utilization  and 
manufacturing  efficiencies. 

The  key  to  remaining  profitable  in  this  scenario  is  cost  reduction: 
reducing  raw  material  and  processing  costs  while  increasing 
manufacturing  yields.  In  the  last  two  years  there  has  been  a  steady 
movement  of  cable  manufacturers  who  are  integrating  their 
operations  into  fiber  manufacture,  while  at  the  same  time  many 
fiber  manufacturers  are  starting  to  make  their  own  preforms  rather 
than  simply  drawing  purchased  preforms.  Many  of  those 
manufacturers  making  preforms  have  opted  to  fabricate  as  much  of 
the  glass  as  possible,  using  combinations  of  internal  and  external 
deposition  processes,  rather  than  buying  deposition  tubes  or  jacket 
tubes  from  other  glass  makers.  Each  step  of  integration  can  provide 
significant  cost  savings;  for  example,  if  all  the  glass  in  a  CSF  was 
made  by  deposition  using  the  typical  raw  materials,  the  raw  material 
costs  would  only  be  S3  —  6/f-km,  depending  on  scale  and  location. 

The  quest  for  lower  raw  material  costs  is  at  odds,  however,  with  the 
need  for  higher  purities  of  gases  and  chemicals  as  required  by  most 
high-performance  fibers.  Higher  purities  often  require  additional 


processing  and  special  supply  methods  that  can  substantially 
increase  costs. 

The  supply  of  gases  and  chemicals  used  in  optical  fiber  production 
has  numerous  implications  for  the  performance  and  application  of 
the  resulting  fibers.  This  paper  addresses  some  of  the 
considerations  in  choosing  supply  modes  for  an  optical  fiber  plant. 

2.  Preform  Manufacture 

Optical  fiber  is  manufactured  by  a  series  of  chemical  reactions  and 
material  transformations  done  in  three  batch  steps  [2,3]: 

1.  Silica  is  deposited  from  the  vapor  phase  to  make  core  preforms. 
The  deposited  glass  is  doped  with  various  chemicals  for  tailoring  of 
the  refractive  index. 

2.  The  core  preforms  are  consolidated  and/or  overclad  with  more 
glass  to  make  draw  preforms 

3.  The  draw  preform  is  heated  in  a  furnace  on  top  of  a  draw  tower. 
Flowing  glass  forms  the  fiber,  which  is  cooled  in  a  heat  transfer 
atmosphere,  coated  with  a  protective  plastic  and  wound  on  a  spool. 

Commercial  manufacture  of  optical  fibers  starts  with  the  chemical 
vapor  deposition  (CVD)  of  Si02  formed  by  the  reaction  of  SiCl4 
with  02  in  a  process  called  flame  hydrolysis.  The  reaction  forms  a 
“soot”  that  builds  up  in  layers  to  form  the  core  preform.  Dopants 
such  as  GeCl4,  POCl3,  BC13,  SF6,  CF4  and  C2F6  are  added  to  the 
reactants  to  alter  the  reflective  index  across  the  diameter  of  the 
preform. 

Although  all  preforms  are  made  by  CVD  there  are  three  distinct 
ways  to  accomplish  this.  The  oldest  is  Modified  Chemical  Vapor 
Deposition  (MCVD)  which  is  practiced  by  several  companies 
around  the  world.  The  CVD  is  done  inside  a  rotating,  ultra-pure 
silica  tube  mounted  on  a  lathe,  and  heated  by  an  oxygen-hydrogen 
flame  that  travels  along  the  outer  surface  in  a  manner  that  controls 
the  rate  of  deposition.  The  chlorides  (using  a  helium  or  argon 
transfer  gas)  and  oxygen  are  introduced  at  one  end  of  the  tube,  and 
react  under  the  heat  of  the  flame. 

Much  of  the  Si02  in  the  resulting  preform  actually  comes  from  the 
tube,  so  this  process  has  a  lower  usage  of  SiCL*  than  other  processes. 
Because  the  reaction  is  conducted  inside  a  tube  the  reaction  space  is 
relatively  easy  to  keep  pure,  and  only  requires  that  the  reagents  be 
of  acceptable  purity.  Plasma  Modified  Chemical  Vapor  Deposition 
(PMCVD)  is  a  version  using  plasma  as  the  heat  source. 
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The  Outside  Vapor  Deposition  (OVD)  process  inverts  the  MCVD 
process  by  performing  the  deposition  on  the  outside  of  a  rod,  which 
is  removed  prior  to  collapse  of  the  preform.  No  H2  is  used  in  the 
OVD  process;  instead  a  hydrocarbon-oxygen  flame  provides  the 
heat  source  for  the  reaction.  Virtually  all  Si02  in  the  resulting 
preform  is  deposited,  meaning  that  usage  of  SiCl4  is  comparably 
higher  than  in  the  MCVD  process.  The  OVD  process  is  highly 
productive,  but  has  contamination  issues  requiring  high  purity 
reagents. 

The  Vertical  Axis  Deposition  (VAD)  process  is  also  done  by 
depositing  glass  as  in  the  OVD  process,  except  the  entire  preform  is 
built  up  continuously  from  the  end,  and  a  set  of  two  or  more 
hydrogen-oxygen  flames  is  used.  The  nozzles  that  produce  these 
flames  have  elaborate  annular  designs  with  jets  of  argon  to  control 
the  spreading  of  impinging  streams  of  SiCl4,  02,  and  H2,  such  that 
the  deposition  is  controlled  over  a  small  area.  VAD  is  a  high- 
productivity  process,  since  there  are  no  tubes  to  limit  preform 
length. 

In  each  method  the  SiCi4  and  dopants  are  provided  to  the  preform 
lathe  via  bubblers.  In  some  cases  the  reactant  gases  are  used  as  the 
vapor  media;  in  others  He  may  be  used.  Purity  is  of  extreme 
importance  since  any  impurity  in  the  gas  (especially  water  vapor) 
will  end  up  in  the  reaction  mix.  Some  manufacturers  will  place 
purifiers  before  the  lathe  to  remove  any  unintentional  water  or  metal 
contamination. 

In  order  to  improve  productivity  most  manufacturers  have 
automated  the  process  through  the  use  of  sophisticated  flow  control 
equipment,  including  gas  cabinets  and  liquid  chemical  dispensers, 
as  well  as  process  modeling. 

3.  Consolidation  and  Overcladding 

Following  deposition  of  the  core  glass  the  preform  must  be 
consolidated  to  remove  internal  voidage  and  moisture.  The 
MCVD  and  OVD  preforms  require  a  collapse  step  to  close  the 
hole  that  remains  at  the  preform  center  after  the  deposition  stage. 
The  OVD  and  VAD  require  a  sintering  step  to  vitrify  the 
deposited  soot.  Following  consolidation,  additional  cladding  may 
be  added  in  an  overcladding  step  to  build  the  preform  to  the 
desired  diameter  before  drawing. 

During  the  consolidation  step,  a  helium/chlorine  gas  mixture  is 
passed  through  the  porous  glass  to  remove  impurities  and  reduce 
the  water  content  of  the  glass  to  parts-per-billion  levels.  Helium 
is  preferred  in  this  step  because  its  small  atomic  dimensions  allow 
it  to  pass  easily  through  the  vitrified  glass. 

The  waste  stream  from  the  consolidation  furnaces  may  contain 
large  amount  of  He,  chlorine  compounds,  water,  air  components 
and  soot,  and  must  be  scrubbed  before  being  released  to  the 
atmosphere.  The  helium  content  from  this  stream  can  potentially 
be  recovered  for  reuse  in  the  consolidation  furnace  or  in  some 
other  part  of  the  fiber  manufacturing  process. 


Overcladding  is  not  typically  required  for  preforms  used  to  make 
multimode  fibers,  since  the  dimensions  of  the  core  are  sufficiently 
large,  but  some  preforms  for  single-mode  fibers  require  additional 
cladding  to  provide  sufficient  mechanical  strength.  Overcladding 
is  done  by  one  of  three  methods:  Sleeving,  where  a  second  silica 
tube  is  collapsed  over  the  core  preform;  Soot  deposition,  where 
additional  CVD  is  done  to  lay  down  the  cladding,  or;  Plasma 
deposition,  where  silica  powder  is  melted  onto  the  core  in  a 
plasma  torch.  The  plasma  is  generated  by  air  in  an  induction  coil, 
although  it  is  initiated  with  Ar. 

Before  the  preform  is  drawn  it  may  be  surface  treated  to  remove 
irregularities  and  surface  contamination,  especially  particles.  This 
usually  involves  running  the  preform  over  another  oxy-hydrogen 
burner  to  get  small  amounts  of  surface  flow.  Handles  for  the  draw 
furnace  are  also  attached  at  this  time,  requiring  additional  amounts 
of  02  and  H2. 

The  final  preform,  or  any  of  the  glass  pieces  used  in  its 
manufacture,  may  be  washed  with  an  etchant  or  solvents  to 
remove  surface  imperfections.  Large  amounts  of  N2  or 
compressed  dry  air  (CDA)  may  be  consumed  in  drying  the 
surfaces. 

4.  Fiber  Drawing 

As  producers  of  optical  fibers  strive  for  lower  manufacturing  costs 
and  higher  productivity  from  their  factories,  more  focus  has  been 
placed  on  the  fiber  drawing  step.  The  drawing  of  fiber  requires 
expensive  towers  and  process  equipment  that  have  significant 
impact  on  the  final  cost  of  the  fiber. 

While  most  of  the  expense  in  optical  fiber  production  is  incurred  in 
preform  manufacturing,  the  fiber  drawing  step  may  have  the  biggest 
impact  on  fiber  yield.  Preform  damage,  fiber  breaks,  off- 
specification  fiber  and  low  draw-tower  utilization  are  just  some  of 
the  contributors  to  reduced  fiber  yield  and  productivity.  Adherence 
to  certain  best  operating  practices  can  do  a  lot  to  improve 
performance. 

All  fiber  is  produced  from  preforms  by  essentially  the  same  process: 
a  preform  is  placed  in  a  furnace  at  the  top  of  a  draw  tower,  where 
the  heat  of  the  furnace  partially  melts  the  glass,  forming  a  falling 
filament.  As  the  filament  falls  it  is  cooled  at  first  in  the  air 
surrounding  the  draw  tower,  and  then  by  forced  convection  using  N2 
or  He.  Before  the  fiber  is  taken  up  on  a  spool  it  is  run  through  a 
series  of  coaters  that  apply  urethane-acrylate  resins,  which  are  UV 
cured.  The  control  of  fiber  diameter  depends  on  the  take-up  speed  of 
the  spool,  which  in  turns  depends  on  how  fast  the  preform  is  heated 
and  how  quickly  the  fiber  is  cooled.  Coating  applicators  are  also 
pressed  by  high  drawing  speeds,  and  pressurized  N2  or  C02  are 
often  used  to  dispense  the  resins. 

4.1  Draw  Furnace  Purging 

At  the  heart  of  fiber  drawing  is  the  draw  furnace,  where  the  precise 
positioning,  heating  and  deformation  of  the  preform  produces  the 
fiber.  Industrial  gases  are  used  in  a  number  of  ways  inside  the 
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furnace  to  ensure  that  the  resulting  fiber  is  dimensionally  consistent 
and  without  defects.  This  brochure  describes  the  application  of 
gases  in  the  draw  furnace  and  how  fiber  producers  can  benefit  from 
their  use. 

Like  other  melt  spinning  processes,  the  drawing  of  optical  fiber 
results  from  the  precise  control  of  the  temperature  and  viscosity  of 
the  melt  (in  this  case,  the  liquified  surface  of  the  preform)  in 
conjunction  with  the  tension  on  the  solidified  fiber.  The  draw 
speed,  fiber  diameter,  preform  feed  rate  and  furnace  temperature  are 
variables  in  this  process  and  are  interrelated  in  very  complicated 
ways. 

In  a  typical  drawing  process,  a  preform  is  lowered  at  a  fixed  rate 
into  the  draw  furnace  at  the  top  of  the  draw  tower,  and  the  furnace 
heat  softens  the  outer  surface  of  the  bottom  of  the  preform.  This 
heat  is  typically  provided  by  graphite  elements  (although  zirconia  is 
sometimes  used)  operating  by  induction  or  resistance  heating.  These 
devices  are  designed  to  achieve  furnace  temperatures  up  to  2400  oC 
and  higher. 

A  “neck-down”  regions  forms  at  the  bottom  of  the  preform  as  a 
transition  region  from  solid  to  melt:  Above  the  neck-down  region 
the  preform  diameter  is  maintained,  but  along  the  neck-down  region 
the  preform  thins  to  form  the  fiber. 

At  first  gravity  pulls  the  fiber  away  from  the  preform,  but  as  the 
fiber  hardens  it  is  run  through  tensioning  devices  at  the  base  of  the 
tower  to  set  the  draw  speed.  Continuous  feedback  from  diameter 
measurements  at  the  bottom  of  the  tower  are  used  to  set  furnace 
parameters  at  the  top,  to  ensure  fiber  specifications  are  maintained 
over  the  hundreds  of  kilometers  of  fiber  that  are  made  from  the 
preform. 

Furnace  purging  is  required  for  two  reasons:  to  protect  the  furnace 
elements  from  moisture  and  oxygen,  and  to  protect  the  preform 
surface  from  particles  and  impurities.  Purging  also  prevents  the 
ingress  of  air  (with  its  oxygen,  moisture  and  particles)  and  sweeps 
impurities  from  the  surface  of  the  preform. 

During  operation  graphite  furnace  elements  should  be  protected  by 
a  gas  purge  consisting  of  an  oxygen-free  (less  than  1  ppm  oxygen) 
or  a  reducing  atmosphere.  This  prevents  carbon  reactions  and  the 
formation  of  dangerous  gases  or  particles. 

Although  the  graphite  is  typically  extremely  pure,  particles  can  be 
still  be  generated  in  normal  operation.  These  particles  can  cause 
surface  defects  that  contribute  to  breaks  and  low  strength,  so  any 
furnace  purge  gas  must  be  filtered. 

Humidity  has  also  been  shown  to  decrease  fiber  strength  so  the 
purge  gas  must  be  very  dry,  typically  less  than  1  ppm  moisture. 

Although  the  majority  of  heat  flux  to  the  preform  is  the  result  of 
radiative  transfer  and  not  convective  transfer,  the  composition  and 
flow  of  the  purge  gas  has  an  important  affect  on  fiber  quality.  Purge 
gas  flow  can  affect  turbulence  inside  the  furnace,  which  in  turn  can 
influence  the  variability  of  the  fiber’s  diameter. 


Most  furnace  manufacturers  recommend  nitrogen,  helium  or  argon 
for  an  inert  purge  gas.  The  potential  for  nitrogen  to  react  with 
carbon  to  form  poisonous  gases  limits  the  temperatures  to  which  it 
can  be  used  to  less  than  1600°  C,  although  this  limit  can  be 
extended  with  controlled  venting.  Since  higher  draw  speed  require 
higher  furnace  temperatures,  most  fiber  manufacturers  do  not  use 
nitrogen. 

Argon  is  non-reactive  but  may  ionize  at  temperatures  above  2000° 
C.  Helium  is  acceptable  at  virtually  any  furnace  temperature,  but 
because  of  helium’s  expense  argon  is  used  by  the  majority  of  fiber 
makers. 

However,  helium  can  provide  other  benefits  that  may  justify  its  use. 
Because  of  its  higher  thermal  conductivity,  helium  actually  heats 
faster  than  the  preform  it  protects.  This  means  that  temperature 
profiles  inside  the  furnace  are  less  variable  when  helium  is  used 
instead  of  argon,  particularly  around  the  neck-down  region. 
Circulation  in  the  purge  gas  can  also  occur  outside  the  neck-down 
region,  which  may  contribute  to  higher  temperature  variability. 

Localized  turbulence  in  the  purge  gas  is  minimized  when  the 
temperature  variability  is  reduced,  which  decreases  fiber  diameter 
variations  and  also  reduces  thermal  stresses  in  the  preform.  Many 
commercial  fiber  specifications  require  ±2  pm  diameter  control, 
while  for  higher  speed  production  and  higher  fiber  performance,  a 
+1  pm  range  may  be  required.  The  use  of  helium  in  the  furnace  can 
help  achieve  these  tighter  tolerances. 

Although  purge  gas  usage  will  vary,  depending  on  the  draw  process 
and  furnace  design,  a  set  of  best  practices  has  developed  through 
time  that  enable  the  manufacturer  to  achieve  maximum  efficiency 
with  minimal  cost.  These  best  practices  relate  to  three  areas: 
application,  control  and  composition. 

In  most  instances,  the  purge  gas  is  fed  into  the  furnace  in  the  same 
direction  as  the  preform  movement,  producing  downward  laminar 
flow  (helium,  however,  is  sometimes  introduced  from  the  furnace 
bottom  because  of  it’s  tendency  to  rise).  Countercurrent  flow  can  be 
turbulent  and  does  not  help  heat  transfer  inside  the  furnace. 
Downward  flow,  which  causes  the  purge  gas  to  exit  the  furnace 
along  with  the  fiber,  prevents  entrained  particles  from  entering  with 
the  ambient  air,  but  requires  rapid  heat  transfer  to  maintain  fiber 
diameter  control. 

If  the  gas  flow  above  the  neck-down  region  becomes  too  rapid, 
cooling  and  breakage  can  result.  Consequently,  since  purge  gas  flow 
is  higher  for  larger  diameter  preforms,  a  minimum  clearance  must 
be  maintained  between  the  preform  and  the  furnace  walls. 

The  gas  flow  rate  is  typically  controlled  by  mass  flow  controllers, 
although  hand-controlled  rotameters  are  sometimes  used.  Caution 
should  be  used  to  insure  that  the  purge  gas  supply  pressure  is 
maintained  constant,  since  minor  fluctuations  in  this  pressure  can 
lead  to  large  changes  in  the  purge  gas  flow. 

Irises  at  the  top  and  bottom  of  the  furnace  can  limit  purge  gas 
leakage,  but  also  lead  to  increased  velocities,  which  may  introduce 
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turbulence.  At  the  bottom  of  the  furnace,  a  minimum  iris  opening  of 
5  mm  is  recommended. 

Several  manufacturers  and  furnace  makers  recommend  helium- 
argon  mixtures  for  fiber  drawing.  Although  flows  are  highly 
dependent  on  furnace  design  and  draw  parameters,  some  typical 
parameters  are  shown  in  the  graph  below.  As  the  preform  size  and 
draw  speed  increases,  the  purge  gas  flow  also  must  increase,  and 
more  helium  is  used  in  the  purge  gas  to  the  exclusion  of  argon. 

Cost  implications  may  result  in  the  use  of  different  gas  mixtures  in 
different  regions  of  the  furnace,  or  at  different  points  in  the  draw 
cycle.  Some  manufacturers  begin  drawing  with  argon  and  slowly 
add  helium  to  the  purge  gas  as  the  draw  cycle  progresses.  Others 
keep  the  purge  gas  composition  constant  but  instead  introduce  gas 
mixtures  with  differing  helium  contents  at  the  top  and  bottom  of  the 
furnace.  In  this  case  the  gas  containing  more  helium  is  added  at  the 
bottom  while  the  more  dilute  helium  stream  is  introduced  from  the 
top.  To  maintain  a  net  downward  flow  the  feed  rate  of  gas  at  the  top 
is  about  ten  times  that  at  the  bottom. 

This  use  of  argon-helium  mixture  has  even  been  envisaged  as  a 
process  control  method.  One  process  puts  a  small  argon  stream  in  at 
the  furnace  exit  to  surround  the  fiber  while  adding  a  larger  helium 
stream  to  surround  the  argon  flow.  Another  process  aims  to 
manipulate  the  purge  gas  composition  fed  to  the  bottom  as  a  means 
to  control  the  preform  surface  temperature. 

4.2  Fiber  Cooling 

Another  key  operational  factor  of  which  a  manufacturer  can  take 
advantage  is  the  use  of  gases  to  cool  the  fiber  as  it  leaves  the  draw 
furnace.  Efficient  use  of  coolant  gas  requires  the  understanding  of 
some  basic  physical  concepts  and  the  implementation  of  best 
operating  practices 

The  fiber  must  cool  in  order  to  reach  a  safe  temperature  for  the 
application  of  coatings  and  spooling  of  the  fiber.  At  higher  draw 
speeds  forced  convection  with  helium  is  used  to  enhance  the 
cooling  of  the  fiber  as  it  falls.  Depending  on  the  draw  tower  design 
and  height  it  may  be  possible  to  achieve  speeds  up  to  5  m/s  using  N2 
or  air,  but  at  speeds  above  10  m/s,  helium  is  required.  Because  of 
the  expense  of  helium  it  is  desirable  to  recover  and  recycle  this  gas 
wherever  it  is  used,  and  the  draw  step  is  a  particularly  attractive 
place  to  do  this.  Helium  used  for  drawing  need  not  be  highly  pure, 
but  rather  free  from  moisture  and  hydrocarbons. 

The  heat  exchangers  come  in  a  variety  of  designs,  depending  on  the 
fiber  manufacturer  and  the  draw  tower  vendor.  Some  are  made  as  a 
single  piece  with  variable  apertures  at  top  and  bottom  to  allow  the 
fiber  to  pass  through  the  tube.  Other  designs  split  the  exchanger 
into  halves,  which  are  hinged  or  pneumatically  operated  to  allow  the 
fiber  to  be  started  through  the  exchanger. 

Draw  towers  are  typically  designed  around  a  desired  set  of  preform 
dimensions  and  draw  speeds.  The  furnace  power  requirements  and 
the  height  of  the  tower  are  then  determined  from  heat  transfer 
requirements,  which  in  turn  dictates  the  choice  of  the  coolant  gas 


used  in  the  heat  exchanger.  For  modem,  low-attenuation  fibers  it  is 
desirable  to  use  a  dry  gas  as  the  coolant,  with  a  dew  point  from  -40 
to  -80  °C. 

The  heat  transfer  coefficient  for  a  gas  is  generally  proportional  to 
the  thermal  conductivity  of  that  gas.  Consequently,  helium  is  about 
5  times  more  efficient  than  air  for  cooling.  Other  inert  gases  offer 
some  improvement  over  air  but  only  helium  offers  a  substantial 
improvement  in  heat  transfer  properties,  because  of  its  high  thermal 
conductivity. 

Commercial  draw  towers  are  typically  20  to  25  meters  tall.  A  25- 
meter  tower  has  about  12  meters  for  fiber  cooling  between  the 
bottom  of  the  furnace  and  the  top  of  the  coating  cup.  Using  this 
length  as  the  maximum  available  distance  for  convective  cooling, 
along  with  typical  values  for  the  glass  properties,  one  can  calculate 
that  the  maximum  fiber  draw  speed  is  approximately  10  m/s  if  air  is 
used  as  the  coolant  gas.  With  helium  used  as  the  coolant  gas,  the 
draw  speed  can  exceed  40  m/s  .  Many  optical  fiber  plants  use 
helium  because  it  allows  drawing  at  faster  speeds  using  shorter 
towers,  saving  both  capital  and  operating  expenses. 

Because  of  helium’s  low  mass  it  will  rise  when  dispersed  into  air. 
This  means  that  when  introduced  into  a  cooling  tube  the  helium  will 
move  up  the  tube,  opposite  to  the  fiber  draw  direction,  and  then  exit 
the  cooling  tube  at  the  top.  This  counter  flow  is  essential  for 
displacing  the  thin  layer  of  warm  gas  that  surrounds  the  falling,  hot 
fiber.  Testing  or  simulation  can  establish  the  critical  flow  rate  of 
helium  needed  to  displace  the  warm  gas  and  bring  cool  helium  into 
contact  with  the  fiber.  Flow  rates  of  helium  below  this  critical  level 
will  give  little  benefit  for  cooling,  since  the  helium  gas  will  not  be 
able  to  reach  the  fiber. 

Once  the  helium  flow  rate  is  above  the  critical  rate,  further  increases 
in  helium  flow  provide  only  slight  improvement  in  the  heat  transfer 
properties.  To  avoid  wasting  helium  the  critical  flow  rate  should  be 
determined,  and  the  actual  flow  rate  set  just  above  this  level. 

Industrial  processes  using  helium  can  be  prone  to  leaks,  making 
helium  an  excellent  choice  for  leak  detection  in  pressure  vessels  and 
flow  systems.  Unfortunately,  this  also  means  that  when  helium  is 
used  as  coolant  gas  extra  steps  must  be  taken  to  ensure  that  it  is  not 
escaping  from  the  heat  exchangers  or  the  flow  lines  leading  to  the 
exchangers.  Flow  lines  should  be  of  metallic  or  impermeable 
plastic  construction,  and  should  be  pressure-tested  before  being  put 
into  service. 

Heat  exchangers  should  be  also  leak-tested,  but  this  is  a  more 
difficult  procedure  since  the  exchangers  are  meant  to  be  open  to  the 
atmosphere.  Optimal  cooling  will  result  when  the  majority  of  the 
helium  fed  to  an  exchanger  exits  the  top  of  that  exchanger,  not  from 
the  bottom  or  (in  the  case  of  split-type  exchangers)  the  sides.  In 
many  cases  the  best  way  to  test  for  leakage  is  while  fiber  is  being 
produced:  tightening  loose  fittings  or  improving  contact  seals  on 
split  exchangers  will  show  an  immediate  improvement  in  fiber 
cooling,  as  evidenced  by  lower  coating  temperatures  or  larger 
coated  diameters. 
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To  prevent  leaks  at  the  bottom  of  an  exchanger,  a  flow  of  air  or  an 
inert  gas  such  as  nitrogen  can  be  applied  at  the  outlet  of  the 
exchanger  to  form  a  barrier  or  “curtain”  that  pushes  the  helium  up 
and  into  the  exchanger.  Since  at  the  outlet  additional  cooling  is  not 
needed  the  curtain  gas  doesn’t  need  to  have  high  heat  transfer 
properties,  but  the  flow  rate  of  the  curtain  gas  must  be  low  enough 
so  as  not  to  induce  vibration  in  the  fiber. 

The  best  way  to  prevent  the  wasting  of  helium  is  to  recover  and 
recycle  it.  Helium  used  in  fiber  drawing  is  especially  suitable  for 
recycle,  since  purity  requirements  for  the  draw  step  are  not  very 
stringent,  and  the  only  impurities  that  are  found  in  recovered  helium 
are  air  components  and  moisture.  Any  gas  with  helium  content 
greater  than  90%,  having  a  low  moisture  dew  point  and  being  free 
of  hydrocarbons,  should  be  suitable  for  use  in  fiber  cooling. 

Some  manufacturers  will  choose  to  blend  helium  with  air  or 
nitrogen  in  an  effort  to  reduce  helium  usage.  While  this  can 
occasionally  be  worthwhile  in  most  cases  it  will  only  reduce  the 
effectiveness  of  helium  cooling  and  cause  more  helium  to  be 
wasted. 

5.  Purities  of  Gases  and  Chemicals 

The  need  for  low  optical  losses  in  fibers  translates  into  very  high 
purities  for  the  gases  and  chemicals  used  during  production. 
Gases  such  as  He,  Ar,  H2,  O2,  N2,  CI2  and  CO2  are  delivered  at 
purities  99.9995%  or  greater  and  may  require  point-of-use 
purification,  especially  with  respect  to  H20  (<  1  ppm)  and 
hydrocarbons  (<  0.1  ppm).  Furthermore,  chemicals  such  as  SiCl4, 
GeCl4,  POCl3  and  BC13  are  required  to  be  99.999  -  99.9999%  pure 
with  particular  regard  to  transitional  metals  and  hydroxyl  ions. 

Because  purity  is  critical  in  the  preform  manufacture  and  the  draw 
furnace,  it  is  recommended  to  use  gases  from  a  liquid  source,  if 
possible,  rather  than  compressed  gas  supply.  Argon  and  helium 
should  be  produced  cryogenically  with  total  H,  C  and  O  bearing 
impurities  of  less  than  4  ppm.  Piping  from  gas  storage  to  the  furnace 
should  be  stainless  steel  or  comparable  materials,  with  special 
attention  paid  to  the  cleaning  step  prior  to  the  piping  being  put  into 
service.  Particle  filtration  should  also  be  utilized,  with  a 
specification  of  less  than  50  particles/cubic  foot  of  greater  than  0.3 
micron  size,  especially  for  draw  furnaces. 

Fiber  producers  utilize  several  analytical  techniques  for  both 
quality  control  of  raw  materials  as  well  as  on-line  process  control. 
Gas  chromatography  and  chemical  assays  are  staples  for 
acceptance  testing  of  gas  and  chemical  shipments,  while  on-line 
monitoring  usually  requires  faster  techniques  such  as  hygrometry, 
thermal  conductivity  (for  H2  or  He)  and  thermoparamagnetics  (for 
02). 

6.  Supply  of  Gases  and  Chemicals 

Modem  optical  fiber  plants  require  large  volumes  of  gases  and 
chemicals,  and  the  supply  of  these  may  vary  depending  on  plant 
location  and  size.  Table  1  contains  typical  consumption  data  for  a 
plant  making  fiber  from  VAD-produced  preforms. 


Table  1.  Typical  Volumes  of  Gases  and  Chemicals 
for  a  VAD  Plant 


Product 

Volume  /  mm  fiber-km 

Units 

He 

300,000 

Nm3 

H2 

1,600-2,400,000 

Nm3 

02 

800  - 1,200,000 

Nm3 

N2 

2,000  -  3,200,000 

Nm3 

Ar 

800  -  1,200,000 

Nm3 

SiCl  4 

500,000 

kg 

GeCl4 

600 

kg 

Cl  2 

5,000 

kg 

For  the  air  gases,  02,  N2,  and  Ar,  supply  might  come  in  the  form 
of  liquid  deliveries  for  small  producers  (<  1.0  mm-fiber  km/year), 
while  large  producers  (>10  mm-fiber  km/year)  might  utilize  an 
on-site  air  separation  plant.  The  relative  amounts  of  02,  N2,  and 
Ar  from  Table  1  do  not  match  their  respective  concentrations  in 
air,  particularly  so  for  Ar.  This  may  require  Ar  to  be  made  on  site 
as  well  as  delivered  as  liquid,  and  may  make  Ar  recycle  an 
attractive  sourcing  method. 

For  some  smaller  manufacturers  it  may  be  sensible  to  install  a 
CDA  system  to  provide  dry  gas,  then  adding  a  pressure  swing 
adsorber  to  make  N2  for  the  other  inert  gas  requirements. 

In  some  geographies  H2  is  delivered  as  a  gas  in  tube  trailers,  but 
many  fiber  producers  make  it  on-site  by  electrolysis  or  reforming, 
especially  in  geographies  without  large  merchant  H2  sources. 
When  produced  on-site  there  may  need  to  be  additional 
purification  for  metals  and  moisture  in  order  to  meet  process 
specifications.  For  tube  trailer  supply,  the  pressure  reduction 
system  requires  stainless  piping  followed  by  particle  filtration. 

A  fiber  manufacturer  who  only  draws  fiber  may  have  fairly 
modest  requirements  (20-  60  Nm3/hr)  for  H2,  while  one  making 
preforms  and  drawing  can  require  substantial  amounts  (300-  1000 
Nm3/hr).  The  former  might  choose  compressed  gas,  liquid  or 
small  on-site  plant  for  a  supply  method.  The  latter  will  likely 
require  a  large  on-site  or  a  pipeline  supply  scheme.  Small  on-site 
H2  plants  are  typically  electrolysis-based,  while  some  very  large 
on-sites  could  be  reformer  plants.  The  final  decision  as  to 
production  technology  is  not  only  a  function  of  scale  but  also 
local  dynamics  of  power  costs  and  fuel  sources. 

Helium  supply  will  vary  from  gas  cylinder  packs  for  small 
producers  to  liquid  “dewars”  for  large  producers.  Helium  demand 
for  a  fiber  plant  differs  from  other  gases  in  that  it  is  not  a  linear 
function  of  the  amount  of  fiber  produced.  Helium  usage  is  most 
sensitive  to  fiber  drawing  speeds,  since  the  majority  of  He  used  in 
a  fiber  plant  is  used  in  the  drawing  step.  The  transport  phenomena 
governing  fiber  drawing  are  complicated,  but  experience  has 
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shown  that  He  consumption  increases  with  the  square  of  the  draw 
speed.  Consequently,  large  volume  fiber  producers  use  more 
helium  per  flber-km  than  small  producers,  and  are  more  sensitive 
to  He  supply  issues.  He  recovery  and  recycle  can  have  strategic 
importance  for  large  producers. 

Helium  is  a  by-product  of  natural  gas  production,  and  as  such  is  a 
non-renewable  resource.  Increasing  use  of  helium  in  a  number  of 
industrial  processes,  including  optical  fiber  manufacture,  has  led  to 
shortages  and  rising  prices  in  many  parts  of  the  world.  Great  care 
should  be  taken  for  the  effective  use  of  helium  in  fiber  production, 
requiring  both  knowledge  of  gas  handling  and  the  particular 
properties  of  helium,  specifically  its  buoyancy  and  inertness. 

Supply  of  SiCl4  and  other  chlorine  compounds  is  controlled  by 
various  HAZMAT  regulations  around  the  globe,  such  that  these 
chemicals  are  usually  sourced  in  the  region  they  are  produced. 
SiCl4  is  typically  supplied  in  tonnage  amounts  by  trailers  such  as 
the  US-DOT  MC  331,  used  for  transporting  a  variety  of  chemical 
gases. 

SiCi4  used  in  MCVD  manufacture  is  typically  of  higher  purity 
(99.9999%,  or  “6N”))  than  that  used  for  OVD  or  VAD  (99.999%, 
or  5N”)),  and  the  6N  material  is  consumed  in  smaller  quantities. 
The  5N  material  may  be  delivered  in  20-tonne  ISO  shipping 
containers  and  decanted  into  on-site  storage,  while  the  6N 
material  is  more  often  supplied  in  200-liter  drums  which  are  fed 
directly  to  the  supply  manifold.  Impurity  introduction  is  often 
found  in  the  switching  of  containers,  which  should  be  minimized. 

High  purity  Cl2  is  often  supplied  in  cylinders,  which  can  make  for 
logistical  and  operational  headaches  in  addition  to  providing 
potetnial  contamination  points.  For  chlorine  requirements  in 
excess  of  20  kg/hr  it  can  be  attractive  to  purchase  industrial  Cl2  in 
rail  cars  and  use  on-site  purification  to  make  the  final  material. 
Not  only  does  this  greatly  reduce  material  handling  but  the 
contamination  risk  is  also  mitigated. 

7.  Conclusions 

The  choice  of  gas  and  chemical  supply  can  have  significant 
impact  on  fiber  manufacturing  and  fiber  costs.  Working  with 
knowledgeable  suppliers  who  can  provide  technical  solutions  to 


these  questions  will  lead  to  lower  manufacturing  costs  and  greater 
security  of  supply. 
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Abstract 

In  order  to  overcome  a  volume  shrinkage  problem  of  bulk  radical 
polymerization  of  an  acrylic  monomer  during  the  manufacturing  of  a 
preform  with  a  radial  gradient  of  refractive  index  for  PMMA  based 
graded-index  polymer  optical  fiber,  we  design  a  novel  cylindrical 
reactor  with  a  three  dimensional  structure  which  can  prevent  the 
vacancy  due  to  the  volume  shrinkage  from  propagating  into  the  main 
reaction  part  of  the  reactor,  namely,  cavity-preventing  type  reactor 
and  its  novel  processing  method.  Using  the  cavity-preventing 
reactor  and  several  monomer-feeding  routes,  we  can  successfully 
fabricate  a  large  sized  graded-index  preform.  Especially,  it  is 
needless  to  adopt  an  additional  monomer  charging  process  by  which 
the  possibility  of  contamination  is  increased  considerably. 
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I.  Introduction 

Optical  fibers  primarily  used  for  long-haul  telecommunication 
network  where  the  transmission  distance,  bandwidth,  and  long¬ 
term  stability  are  of  considerable  importance.  They  are  mostly  the 

Temporary  address  of  J.  S.  Choi,  H.  Cho,  B.J.  Ra,  J.  T.  Hwang  and  S.  H. 
Lee  is  103-1,  Moonji-Dong,  Yusong-Gu,  Daejeon  305-380,  Korea  to  the 
end  of  this  year. 

J.  S.  Choi,  +82-42-865-3831,  jschoi@sait.  Samsung,  co.kr 
H.  Cho,  +82-42-865-3832,  hansol@sait.samsung.co.kr 

M.  G.  Kim,  +82-31-280-6765,  mugkim@sait. Samsung. co.kr 
B.  J.  Ra,  82-42-865-3831,  bjra@sait.  Samsung,  co.kr 
J.  Y.  Park,  +82-31-280-6731,  joonypark@sait.samsung.co.kr 
J.  T.  Hwang,  +82-42-865-3830,  jthwang@sait.samsung.co.kr 
J.  G.  Park, +82-31 -280-672  lscrict@samsung.co.kr 
S.  H.  Lee,  +82-42-865-3834,  pluronic@samsung.com 
M.  H.  Do,  +82-54-479-7162,  mhdo@samsung.com 
J.  H.  Kim,  +82-54-479-7160,  jinhan@samsung.com 
E.  G.  Lee,  +82-2-361-2617,  gongon01@hanmail.net 
S.  H.  Park,  +82-2-361-2617,  shpark@phya.yonsei.ac.kr 
O.  O.  Park,  +82-42-869-3913,  oopark@kaistac.kr 


step-index,  single-mode  optical  fibers  based  on  quartz  glass  [1]. 
They  have  a  core  diameter  as  small  as  5  microns  to  10  microns 
and,  as  a  result,  face  serious  challenges  in  terms  of  achieving 
proper  alignment  and  connection. 

On  the  other  hand,  multi-mode  glass  optical  fibers  of  larger 
diameter  than  that  of  single-mode  optical  fibers  may  be  used  for 
relatively  short  distance  data  communications  such  as  in  local  area 
networks  (LANs).  However,  these  multi-mode  glass  optical  fibers, 
in  addition  to  being  fragile,  also  suffer  from  expensive  costs 
relating  to  achieving  proper  end-face  treatment,  alignment,  and 
connection  as  well  as  long-term  bending  stability.  Accordingly,  a 
metal  cable,  for  example,  a  twisted  pair  or  coaxial  cable  has  been 
widely  used  for  short  distance  communication  applications  within 
200  meters  such  as  in  LANs  in  spite  of  their  limitation  of 
transmission  capacity.  However,  as  the  demand  for  high 
bandwidth  increases  even  in  small  office,  home,  and  mobile 
environment,  it  has  become  increasingly  important  to  develop  low 
cost  optical  links  that  can  be  easily  installed  by  common  end- 
users. 

To  cope  with  these  problems,  the  industry  has  expended  great 
efforts  and  investments  over  the  past  20  years  towards 
development  of  polymer  optical  fibers  (POF),  which  can  be  used 
in  short  distance  communication  applications  within  several 
decades  of  meter  [2-3].  Since  the  diameter  of  POF  can  be  as  large 
as  0.5  to  1.0  mm  which  is  100  or  more  times  larger  than  that  of 
glass  optical  fibers  due  to  its  flexibility,  its  alignment,  and 
connection  are  much  easier  issues  than  those  of  silica  based 
optical  fibers.  Moreover,  if  polymer-based  connectors  were 
produced  by  compression  molding,  these  connectors  can  be  used 
for  both  alignment  and  connection  and  reduce  total  system  costs. 
Generally,  POF  may  have  a  step  index  (SI)  structure,  in  which  a 
refractive  index  changes  stepwise  in  a  radial  direction,  or  a  graded 
index  (GI)  structure,  in  which  a  refractive  index  changes  gradually 
in  a  radial  direction.  Since  a  graded  index  polymer  optical  fiber 
(GI-POF)  has  a  lower  modal  dispersion,  it  can  have  a  larger 
transmission  capacity  than  step  index  polymer  optical  fiber  (SI- 
POF).  Therefore,  it  is  known  that  GI-POF  is  adequate  for  an  use 
of  a  communication  medium  for  short  distance  and  high-speed 
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communications  such  as  high-bandwidth  local  area  network 
(LAN),  giga-bit  home  network,  and  lEEE1394b  because  of 
reduced  costs  derived  from  its  larger  diameter  and  large  capacity 
of  data  transmission. 

The  conventional  method  for  fabricating  GI  polymer  optical  fiber 
was  first  reported  by  researchers  of  Keio  University  in  1988  [5]. 
Since  then,  other  related-techniques  have  been  reported  in  a  large 
number  of  papers  [4-14]. 

2.  Bulk  Radical  Polymerization 

2.1  Batch  Process  for  Gradient  Refractive  Index 

Preform 

The  methods  for  fabricating  GI  preform  mentioned  above  are 
mainly  classified  into  two  methods  as  follows.  The  first  method  is 
a  batch  process  wherein  a  preliminary  cylindrical  molding 
product,  namely,  a  preform  in  which  a  refractive  index  changes  in 
a  radial  direction,  is  fabricated,  and  then  the  resultant  perform  is 
heated  and  drawn  to  fabricate  GI-POF  [4-6,  10-12].  The  second 
method  is  a  continuous  process  wherein  a  polymer  fiber  is 
produced  by  extrusion  process,  and  then  the  low  molecular 
material  contained  in  the  fiber  is  extracted,  or  contrarily 
introduced  in  a  radial  direction  to  obtain  GI  polymer  optical  fiber 
[13-14]. 

It  is  known  that  the  batch  process  is  more  beneficial  for  the 
production  of  GI-POF  with  a  high  optical  quality  because  of  being 
easier  to  control  uniform  refractive  index  profile  and  less  to  be 
contaminated,  therefore,  most  of  the  related  fabricating  methods 
belongs  to  the  batch  process  to  fabricate  GI  preform. 

The  most  well-known  fabricating  process  for  GI  preform  is  an 
interfacial  gel  polymerization  invented  by  professor  Koike  and  his 
coworkers  [5-8].  This  batch  process  technique  exploit  the  different 
reactivity  of  two  monomers  or  different  diffiisivity  of  nonreactive 
additive,  so-called  dopant,  to  create  a  preform  with  continuously 
varying  refractive  index  and  followed  by  heat  drawing,  one  can 
successfully  fabricate  a  GI-POF  having  data  transmission  capacity 
of  over  2.5  Gbit/s  [9]. 

Van  Duijnhoven  and  Bastiaansen  reported  another  batch  process 
to  fabricate  GI  preform  where  very  high  rotation  speed  as  high  as 
about  20,000  rpm  is  imposed  to  the  reactor  [11].  This  method  uses 
the  principle  that  if  a  mixture  of  monomers  or  polymer-dissolving 
monomers  having  different  density  and  refractive  index  is 
polymerized  under  a  very  strong  centrifugal  field  over  1 0,000  Xd' 
rpm,  where  d  is  a  diameter  of  a  preform,  concentration  gradient 
is  generated  on  account  of  a  density  gradient,  and  thereby,  a 
refractive  index  gradient  is  generated. 

2.2  Volume  Shrinkage  during  Polymerization 

Besides,  none  of  the  above-mentioned  batch  processes  act  against 
anything  related  to  the  problem  inevitably  caused  by  volume 
shrinkage  during  bulk  radical  polymerization  common  in  the 
fabrication  of  GI  preform.  For  example,  the  extent  of  volume 
shrinkage  of  polymerization  from  methylmethacrylate  (MMA)  to 
poly  (methylmethacrylate)  (PMMA)  is  over  20%  (the  density  of 


MMA  at  25°C  is  0.940  g/cm3  and  that  of  PMMA  is  1.179  g/cm3) 
[15].  Since  the  volume  shrinkage  occurs  when  monomers  are 
polymerized  (to  produce  a  polymer),  a  preform  for  a  POF 
fabricated  under  the  rotation  of  a  reactor  has  a  hollow  or  a 
vacancy  around  its  central  axis  of  rotation  to  form  a  shape  of  a 
tube,  so-called,  cavity.  Thus,  it  is  required  to  fill  the  cavity  with 
additional  monomer,  additive  containing  monomer,  prepolymer 
(viscous  mixture  of  polymer  and  monomer  during  the  bulk  radical 
polymerization)  or  polymer-dissolving  monomers  in  order  to 
fabricate  a  cavity-free  preform. 


(a)  (b)  (c) 

Figure  1.  Volume  shrinkage  in  the  rotating 
reactor.  A  cylindrical  reactor  with  a  diameter  of 
4.1cm  (a)  filled  with  MMA  (b),  followed  by 
rotation  and  polymerization  result  in  a  central 
cavity  with  a  diameter  of  1.8cm  (c). 

Figure  1  shows  the  typical  case  of  volume  shrinkage  of  rotating 
cylindrical  reactor  initially  filled  with  MMA  polymerized  to  be  a 
PMMA  tube  with  a  cavity  around  the  axis  of  rotation  after 
completion  of  polymerization. 

Accordingly,  when  a  GI-POF  is  fabricated  by  using  a  cavity- 
filling  type  perform,  the  discontinuity  of  the  refractive  index 
profile  increases  in  proportion  to  the  size  of  a  cavity,  which  can 
lead  to  a  significant  scattering  loss  in  the  interface.  Therefore  It 
reduces  data  transmission  length  so  that  GI-POF  may  not  be 
useful.  Furthermore,  during  the  process  of  filling  the  cavity, 
contacting  with  minute  dust,  air  or  moisture  may  deteriorate  the 
quality  of  the  GI  preform  and  GI-POF.  Additional  appliance  and 
related  cost  are  required  in  order  to  prevent  this  contact.  When  the 
large-sized  preform  is  fabricated,  the  volume  shrinkage  problem 
becomes  more  significant  and  determinant. 

Therefore,  we  have  to  make  an  effort  to  eliminate  the  contact  of 
reactant  in  the  reactor  with  the  outer  atmosphere  as  least  as 
possible  and  investigate  this  complex  and  inevitable  behaviors 
during  bulk  radical  polymerization  carefully. 

2.3  Copolymerization  for  a  GI  Preform  Fabrication 

The  batch  processes  for  GI-POF  fabrication  can  be  divided  into 
two  methods  with  respect  to  how  to  develop  the  refractive  index 
profile  inside  preform.  One  is  the  method  utilizing  the  diffusivity 
of  species  having  controllable  refractive  index  and  the  other  is 
compositional  change  of  copolymer  along  a  radial  direction. 

A  lot  of  works  manifest  that  GI-POF  using  dopant  is  superior  to 
copolymer  GI-POF  in  optical  performance.  For  a  copolymer  GI- 
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POF,  apart  from  the  intrinsic  absorption  of  light  by  polymer  itself, 
an  excess  scattering  loss  due  to  density  fluctuation  of  different 
monomeric  unit  is  believed  to  increase  total  optical  loss  [6]. 
Therefore,  it  is  reported  that  the  total  optical  loss  of  copolymer 
GI-POF,  even  a  partially  fluorinated  acrylic  monomers  used,  is 
relatively  higher  than  dopant  GI-POF  based  on  PMMA  [16]. 
Furthermore,  there  is  a  difficulty  to  select  the  copolymer  system 
where  two  monomers  have  to  be  miscible  in  the  whole  range  of 
composition  used. 

On  the  other  hand,  copolymer  GI-POF  produced  by  suitable 
copolymer  pair,  for  example  trifluoroethyl  methacrylate  (TFEAM) 
and  tetrafluoropropyl  methacrylate  (TFPMA)  or  MMA  and  benzyl 
methacrylate  (BMA),  has  advantages  over  thermal  stability  and 
easiness  to  control  the  refractive  index  for  a  preform  of  large 
diameter  compared  with  dopant  GI-POF  [18-20].  Among  them, 
MMA  and  BMA  copolymer  is  more  excellent  in  their 
compositional  randomness  and  more  advantageous  in  raw 
material’s  cost  [18].  Our  novel  method  using  patented  cavity¬ 
preventing  reactor  utilizes  the  copolymer  of  MMA  and  BMA  for 
fabricating  a  GI  preform. 
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exothermic  propagation  [17].  Thus,  interfacial  gel  polymerization 
takes  more  time  to  fabricate  a  larger  preform.  In  addition  to  the 
slow  fabrication  time,  GI  preform  using  dopant  usually  shows  a 
plateau  of  refractive  index  profile  in  its  center  region  if  its  size  is 
large  and  at  elevated  temperature  [19-20]. 

As  a  matter  of  fact,  we  often  encounter  these  unexpected  problems 
in  carrying  out  bulk  radical  polymerization  in  a  mass  production 
scale.  These  problems  are  generally  dependent  on  the  total  volume 
of  reaction.  Therefore,  we  have  to  resolve  these  problems  for 
producing  GI-POF  with  larger  size  and  faster  production  rate. 

3.  Cavity-Preventing  Cylindrical  Reactor 

3.1  Cavity-Preventing  3-Dimensional  Structure 


Figure  2.  Volume  shrinkage  (•)  and  viscosity 
(■)  as  a  function  of  reaction  time  for  radical 
polymerization  at  75°C.  MMA/BMA  =  9/1.  An 
initiator  (AIBN)  of  0.03mol%  and  chain  transfer 
agent  (n-BuSH)  of  0.3  wt%  were  used. 

For  a  MMA  and  BMA  copolymerization,  we  investigated  the 
volume  and  viscosity  changes  as  a  function  of  reaction  time 
(Figure  2).  There  was  very  rapid  reduction  of  the  volume  in  a 
short  period  of  time.  It  is  a  typical  behavior  of  so-called  auto¬ 
acceleration  [21].  During  the  autoacceleration,  the  viscosity  was 
increased  abruptly.  This  is  a  common  nature  of  bulk  radical 
polymerization  and  called  as  a  glassification.  From  Figure  2,  it 
was  recognized  that  volume  shrinkage  takes  place  even  after 
glassification.  Although  the  volume  shrinkage  after  glassification 
is  not  a  matter  for  the  small-scale  reactor,  it  is  very  serious  in  a 
large-scale  mass  production. 

Another  problem  is  a  matter  of  production  rate.  For  an  interfacial 
gel  polymerization,  the  frontal  propagation  of  gel  region  is  very 
narrow  and  its  propagation  speed  is  very  slow  compared  with 


Figure  3.  A  perspective  of  a  typical  cavity¬ 
preventing  type  reactor  according  to  the 
present  work 

Typical  Cavity-preventing  (CP)  reactor  is  depicted  in  Figure  3.  It 
is  comprised  of  an  introduction  partand  main  reaction  partwith 
cavity -preventing  structures.  An  introduction  part  has  a  reactant 
inlet  through  which  a  reactant  is  introduced  into  the  whole  reactor. 
A  main  reaction  part  is  adjacent  to  the  introduction  part  through  a 
blocking  wall.  A  flow  path,  through  which  the  reaction  part  is 
connected  with  the  introduction  part,  is  located  at  the  center  of  the 
blocking  wall.  One  or  more  cavity-preventing  structures  exist 
between  the  flow  path  of  the  reaction  part  and  the  introduction 
part,  and  it  has  one  or  more  flow  paths  though  which  the  reactant 
flows  from  the  introduction  part  to  the  reaction  part,  for 
preventing  a  cavity  developed  from  the  reactant  inlet  of  the 
introduction  part  from  extending  to  the  reaction  part  during 
rotation  of  the  reactor.  The  inner  diameter  and  the  length  of  main 
reaction  part  of  CP  reactor  used  in  present  work  were  5.5cm  and 
70cm,  respectively. 
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3.2  Fabrication  of  GI-POF 

We  have  used  two  routes  of  reactant  feeding  and  fabricating.  The 
first  one  is  shown  in  the  Figure  4.  The  mixture  of  MM  A  and  BMA 
was  introduced  in  the  reactor  through  an  inlet.  The  mixture 
contained  0.03  mo!%  of  azobisisobutylonitrile  as  a  thermal 
initiator  and  0.3  wt%  of  n-butyl  mercaptan  as  a  chain  transfer 
agent.  Here,  we  fed  different  reaction  mixture  in  the  main  reaction 
part  and  introduction  part,  respectively.  We  fed  a  mixture 
containing  higher  BMA  content  into  the  introduction  part  so  that 
the  refractive  index  profile  was  generated  by  the  difference 
between  the  BMA  content  of  the  reaction  mixture  in  the  main 
reaction  part  and  that  in  the  introduction  part.  The  reactor  was 
rotated  by  1500  rpm  vertically  and  heated  at  75°C  subsequently. 
After  polymerization  competed,  the  reactor  was  removed  and  the 
preform  was  drawn  to  a  fiber  with  a  diameter  of  0.75mm  by  heat 
drawing  (Method  I).  During  the  polymerization  the  vacant  space 
in  the  introduction  part  was  pressurized  by  inert  gas  upto  10  bar. 


(a) 


(d)  (e) 

Figure  4.  A  diagram  illustrating  a  series  of 
process  steps  for  fabricating  a  preform  for  a 
plastic  optical  fiber  using  the  CP  reactor. 

Method  II  is  different  from  method  I  in  that  a  mixture  of  MMA 
prepolymer  and  BMA  monomer  is  fed  instead  of  monomers. 

As  shown  in  Figure  4  (d)  and  (e),  the  cavity  generated  during 
rotation  in  the  introduction  part  did  not  propagate  into  the  main 
reaction  part  by  CP  structure.  However,  the  reactant  could  be 
flowed  into  the  main  reaction  part  so  that  the  cavity  did  not  appear 


in  the  main  reaction  part.  Only  the  cavity  in  the  introduction  part 
was  left  and  increased  in  the  whole  polymerization  period. 

4.  Optical  Characteristics 

4.1  Gl  profile  of  the  Preforms 

Table  1  shows  the  data  of  refractive  index  profile  of  GI  preforms 
fabricated  by  our  CP  method.  The  refractive  index  profile  of  GI 
preform  in  the  core  region  was  usually  approximated  by  the  power 
law  equation  written  as 

«('•)  =  «,  1  -  2a(— 


where  wy  and  n2  are  the  refractive  indices  of  the  core  center  and 
cladding,  respectively,  a  the  core  radius,  and  g  the  index 
exponent.  From  the  best  fitting  data  of  An  and  g  values,  it  is 
proved  that  GI  preforms  were  fabricated  successfully. 


Table  1.  GI  Preform  Preparation* 


♦Core  diameter  was  about  37cm  (preform  diameter  =  55cm). 


4.2  Optical  Properties  of  GI-POFs 


Table  2.  Optical  Properties  of  GI-POF* 


♦All  GI  preforms  were  heat-drawn  to  GI-POFs  wirh  a  diameter  of  0.75mm. 

1.  Measured  by  cut-back  method  at  650nm 

2.  Measured  at  20mm  1 80-degree  bending 

3.  Measured  by  pulse  broadening  method 

Table  2  shows  the  attenuation,  bending  loss,  and  bandwidth  data 
measured  with  our  heat-drawn  GI-POFs.  The  attenuation  of  all 
GI-POFs  was  around  200  dB/km  or  more  and  bandwidth  was  over 
1.5  GHz  100m. 
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5.  Conclusions 

Unlike  market  expectation  of  Europe  and  US,  POF  market  in  the 
eastern  Asian  countries,  especially  Korea,  draw  interests  in  the 
low-cost  and  high-bandwidth  home  network  media.  Because  a  lot 
of  people  reside  in  a  high-rise  apartment  in  the  metropolitan  area, 
the  easiness  of  installation  within  walls  or  between  stories  in  the 
apartment  structure  is  most  important  factor  as  the  introduction  to 
transmission  media  market.  In  such  an  environment,  the  bending 
characteristic,  mechanical  strength,  and  the  long-term  reliability 
on  small  bending  (under  2cm  in  diameter)  of  POF  make  it 
convenient  medium  for  frequent  installation  and  removal  even  by 
untrained  workers. 

Moreover,  the  high  demand  for  faster  speed  of  communication  in 
Korea  is  so  explosive  that  it  is  widely  requested  to  untilize  them  as 
giga-bit  speed  transmission  media  for  the  end  users.  Considering 
these  conditions,  we  believe  that  PMMA  based  GI-POF  will  be  a 
strong  candidate  for  high-bandwidth  local  area  network  (LAN), 
giga-bit  home  network,  and  IEEE 13 94b  based  systems. 

In  this  paper,  we  reported  a  novel  fabrication  method  for  large  GI- 
preform  and  the  optical  properties  of  GI-POF.  We  believe  that  our 
novel  method  can  be  used  as  a  mass  production  method  for 
copolymer  GI-POF.  In  the  technical  session  of  IWCS,  we  will 
present  the  optical  and  reliability  data  of  our  GI-POF  in  detail. 
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Abstract 

The  need  for  environmental  friendly  premises  cables,  such  as 
heavy  metal-free  PVC  cables,  has  been  increasing  as  more 
considerations  are  given  to  the  “end-of-life”  of  these  cables.  For 
example,  there  have  been  efforts  in  both  the  US  and  Europe  to 
create  regulations  controlling  and/or  eliminating  the  use  of  certain 
metals  such  as  lead  and  cadmium  in  PVC  applications. 

To  make  “greener”  cable  products  using  PVC  materials  with  lead 
and  cadmium  free  stabilizers,  the  primary  concern  is  whether  the 
optical  performance,  long  term  reliability  and  fire  safety  of 
premises  cables  are  compromised.  All  these  issues  were  addressed 
in  OFS  effort  to  become  ready  to  offer  “heavy  metal  free”  (HMF) 
premises  cable  products  to  the  market.  Various  HMF  PVC 
materials  were  evaluated  in  terms  of  thermal  and  UV  stability. 
Cables  were  designed  and  tested  to  Telcordia  GR-409,  ICEA  596, 
or  IECA  696. 

Cables  made  from  these  new  materials  were  also  tested  for  fire 
performance.  The  results  show  that  fire  performance  of  HMF 
stabilized  PVC  cables  is  at  least  comparable  to  that  of  lead  or 
cadmium  stabilized  PVC  cables  with  the  same  designs. 

Keywords 

Premises  cable;  Environmental;  Safety;  Lead;  Cadmium;  PVC. 

1.  Introduction 

In  recent  years,  there  has  been  an  increase  in  the  emphasis  on 
environmental  considerations  of  the  materials  used  for  a  wide 
range  of  products,  including  fiber  optical  cables.  Users, 
manufacturers  and  regulatory  agencies  realize  that  some  safety 
and  environmental  issues  need  to  be  addressed  as  more  cables  are 
deployed  into  various  service  spaces.  Traditionally,  lead  or 
cadmium  compounds  are  added  to  PVC  as  stabilizers  to  make  it 
more  thermally  and  UV  stable.  Without  stabilizers,  PVC  is 
difficult  to  process  and  would  degrade  when  exposed  to  heat 
during  processing.  Lead  and  cadmium  stabilizers  are  known  to  be 
very  efficient  thermal  stabilizers.  Lead  is  also  present  in  some 
color  concentrates  used  for  cable  products. 


In  the  European  Union,  lead-containing  products  have  been  the 
subject  of  much  discussion  and  legislation.  In  June  2000,  the 
European  Commission  adopted  a  proposal  for  a  Directive  on 
Waste  Electrical  and  Electronic  Equipment  (WEEE)  and  a 
proposal  for  a  Directive  on  the  restriction  of  the  use  of  certain 
materials  in  electrical  and  electronic  equipment.  This  proposal 
calls  for  the  substitution  of  certain  heavy  metals  including  lead 
and  cadmium,  and  brominated  flame  retardants  in  new  electrical 
and  electronic  equipment  from  January  1,  2008  onwards.[l] 
Denmark  even  issued  a  ban  on  the  import,  sale  and  production  of 
lead  and  products  containing  lead  with  a  concentration  of  more 
than  50  parts  per  million. [2] 

In  the  United  States,  the  state  of  California  has  led  the  charge 
against  lead,  among  other  chemicals.  In  November  of  1986,  the 
voters  of  California  passed  the  “Safe  Drinking  Water  and  Toxic 
Enforcement  Act”  or  better  known  as  Proposition  65.  This 
legislation  requires  the  governor  of  California  to  publish  a  list  of 
cancer  causing  chemicals,  or  chemicals  that  can  cause  birth 
defects  or  reproductive  harm.[3]  The  list  of  chemicals  is 
determined  by  a  panel  that  includes  the  EPA,  the  International 
Agency  for  Research  on  Cancer,  the  National  Toxicology 
Program,  the  FDA  and  the  National  Institute  for  Occupational 
Health  and  Safety.  Cadmium  was  added  to  this  list  as  a 
reproductive  toxin  in  1987  and  lead  was  added  in  1992.  The 
legislation  also  stipulates  that  all  chemicals  on  the  list  are 
prohibited  from  being  dumped  in  an  area  where  they  could  pass 
or  probably  will  pass  into  any  source  of  drinking  water. 

OFS,  formerly  Lucent  Technologies  Optical  Fiber  Solutions 
Division,  took  a  proactive  approach  to  make  more 
environmentally  friendly  cables  starting  two  years  ago,  identified 
products  that  used  leaded  PVC  materials  and  launched  a  series  of 
projects  to  replace  them  with  HMF  materials. 

Of  primary  concern  for  new  materials  qualification  and  heavy 
metal  free  cable  production  is  whether  the  optical  performance, 
long  term  reliability  and  fire  safety  of  premises  cables  are 
compromised  when  PVC  materials  with  lead  and  cadmium  free 


Copyright  ©  2002.  Fitel  USA  Corp.  All  rights  reserved 


International  Wire  &  Cable  Symposium 


288 


Proceedings  of  the  51st  IWCS 


stabilizers  are  used.  It  was  necessary  to  find  out  the  effectiveness 
of  the  new  stabilizing  systems  such  as  Ba/Zn  or  Ca/Zn  in  a  PVC 
compound  for  them  to  be  used  in  cables.  Various  grades  of  heavy 
metal  free  (HMF)  PVC  materials  (PVC  and  low  smoke  PVC) 
were  evaluated  and  compared  with  their  lead  or  cadmium 
stabilized  predecessors  in  terms  of  thermal  stability  and  UV 
resistance.  Cables  were  designed  and  tested  to  Telcordia  GR-409, 
ICEA  596,  or  IECA  696.  Fire  tests  were  conducted  based  on  the 
intended  application  of  the  cables. 

This  paper  presents  the  comparative  data  on  materials  properties, 
optical  performance  and  fire  performance.  The  range  of  products 
included  MINICORD®  simplex  and  duplex  cables, 
ACCUMAX®  Riser  and  Plenum  cables,  and  ACCUDRY® 
Indoor/Outdoor  cables. 

2.  Results  and  Discussions 
2.1  Materials  properties 
2. 1 1  Thermal  stability 

Traditionally,  lead  based  compounds  and/or  barium-cadmium 
based  compounds  were  used  as  heat  stabilizers  in  PVC.  Recently, 
lead  and  cadmium  free  stabilizer  packages  have  become  available. 
These  are  typically  based  on  mixed  metal  salts  of  barium,  calcium, 
zinc  and  magnesium,  or  are  based  on  organo-tin  compounds.  In 
going  from  lead  based  to  non-lead  based  heat  stabilizers,  it  is 
important  not  to  compromise  the  thermal  stability  of  the  PVC 
compounds. 


Figure  1.  Top  NL-4,  Bottom  L-2, 1  hour  travel  at  230  °C 


Figure  2.  Top  L-l,  Bottom  NL-2,  2  hour  travel  at  230  °C 


*  ACCUMAX,  ACCUDRY,  and  MINICORD  are  registered  trademarks  of 
Fitel  USA  Corp. 


Figure  3.  (Top  to  Bottom)  L-l,  NL-2,  NL-1,  NL-3, 2  hour 
travel  at  205  °C 


The  thermal  stability  is  usually  determined  using  the  Metrastat 
Oven  Aging  Test.  PVC  pellets  are  placed  on  a  tray  and  pulled 
through  a  temperature-controlled  oven  at  a  controlled  speed.  In 
Figures  1-3,  the  pellets  on  left  parts  of  the  tray  see  the  heat  for  a 
longer  time  than  the  right  parts.  The  length  of  the  tray  over  which 
the  pellets  are  visually  observed  to  discolor  determines  the 
thermal  stability  -  the  greater  the  discolored  length,  the  less  stable 
the  compound. 

PVC  formulations  with  non-lead  based  stabilizers  can  be  designed 
to  match  or  even  better  the  thermal  stability  of  traditional  lead 
based  formulations.  For  example,  the  NL-4  formulation  has  the 
same  Metrastat  oven  aging  behavior  as  the  L-2  formulation  (see 
Fig.  1).  NL-4  has  non-lead  based  stabilizer  package  as  compared 
to  the  lead  based  package  in  L-2;  otherwise  the  formulations  are 
identical.  Non-lead  compounds  NL-2  &  NL-3  have  similar  to 
slightly  better  thermal  stability  than  the  lead  containing  L-l,  and 
non-lead  NL-3  has  significantly  higher  thermal  stability  than  L-l 
(see  Figures  2  and  3). 

The  effect  of  heat  combined  with  shear  is  studied  using  a 
Brabender  Plasticorder.  The  PVC  pellets  are  sheared  using 
screws  in  a  temperature-controlled  chamber.  The  torque  required 
to  fuse  and  plasticate  the  pellets  is  monitored.  After  the 
plastication  process  is  complete  (flat  torque  in  Figure  4),  a  rise  in 
torque  indicates  degradation.  The  time  over  which  the  torque 
remains  relatively  constant  is  the  dynamic  thermal  stability  (DTS) 
time  for  the  material.  Long  DTS  times  indicate  greater  thermal 
stability  of  the  compound  during  extrusion  processing.  It  is 
important  to  design  non-lead  based  PVC  to  maintain  sufficient 
high  DTS  for  ease  in  processing.  However,  not  all  non-lead  based 
PVCs  are  equivalent  in  this  regard.  For  example:  Non-lead  NL-4 
has  the  same  DTS  as  the  leaded  L-2  (see  Figure  4).  Non-lead  NL- 
3  has  better  DTS  than  L-l,  but  NL-2  has  a  lower  DTS  than  L-l 
(see  Table  1). 


Table  1.  Dynamic  Thermal  Stability  times  for  Lead-based  and 
Non-lead  Based  Compounds 


Material 

DTS  time  (min) 

L-l 

30 

NL-2 

21 

NL-3 

35 
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Figure  4.  DTS  time  as  measured  in  a  Brabender  Plasticorder 
(Top  NL-4,  Bottom  L-2) 

2.1.2  QUV  tests 

Cables  with  lead-based  PVC  jacket  (L-2)  and  non-lead-based 
PVC  jacket  (NL-4)  were  subjected  to  QUV  tests,  in  which  the 
cables  were  exposed  to  high  density  fluorescent  lights.  The  UV 
aging  of  the  cables  was  performed  on  an  Atlas  UVCON,  Model 
UC-1,  ultra-violet/condensation  screening  device.  The  lamps  were 
on  continuously  for  81  days  with  the  humidity  at  ambient 
(uncontrolled)  and  the  temperature  between  55°C  and  65°C.  Four 
cable  samples  were  tested:  a  12  and  a  48  fiber  count  cable  with 
leaded  PVC  jackets,  and  their  counterparts  with  non-lead  PVC 
jackets.  Cable  samples  were  aged  for  15,  34  and  81  days.  The 
jackets  were  then  removed  and  tensile  tested  on  an  Instron  Model 
Model  5565  tensilometer. 

Figures  5  and  6  show  the  results  of  tensile  testing  on  the  aged 
cable  with  leaded  and  non-Ieaded  PVC  jackets.  As  can  be  seen, 
no  change  in  either  the  peak  stress  or  the  ultimate  elongation 
could  be  seen  after  81  days  of  aging.  If  UV  degradation  had 
occurred,  the  ultimate  elongation  would  have  decreased  since  the 
material  would  have  become  embrittled.  For  the  peak  stress,  the 
standard  deviation  of  the  stress  average  after  aging  would  increase 
since  embrittlement  would  make  the  material  sensitive  to  flaws. 
Note  that  the  difference  in  the  percent  elongation  at  break  for  the 
12  and  48  fiber  cables  is  an  artifact  of  testing.  Because  of  the 
size  difference  in  the  samples,  the  samples  were  gripped 
differently.  So,  while  the  absolute  percent  elongation  at  break 
values  are  different,  the  relative  changes  between  the  two  sizes  are 
the  same,  i.e.  no  change.  In  conclusion,  no  UV  degradation  was 
observed  with  either  the  leaded  or  non-lead  based  cables. 


Effect  of  UV  Aging  on  the  Peak  Stress  of  PVC  Jacketed  Cables 


10  20  30  40  50  60  70  80  90 

Days  Aging 


Figure  5.  Effect  of  UV  aging  on  peak  stress 


Effect  of  UV  Aging  on  %  Elongation  at  Break  of  PVC  Jacketed  Cables 


Days  Aging 

Figure  6.  Effect  of  UV  aging  on  %Elongation  at  break 

2.2  Optical  performance 

2.2. 1  MINICORD  simplex  and  duplex  cables 

Added  losses  after  85°C  aging  per  GR-409  on  MINICORD 
simplex  cables  for  62.5  micron  fibers  buffered  with  nylon  and 
jacketed  with  L-l  and  NL-3  are  presented  in  Table  2. 


Table  2.  Delta  loss  for  MINICORD  simplex  and 
duplex  cables 


Temperature 

Change  in  loss  at  1 300  nm  in  dB/km 

Specified 

Simplex 

Duplex 

Maximum 

L-l 

NL-3 

L-l 

NL-3 

0°C 

0.6 

0.21 

0.14 

0.17 

0.45 

As  shown  in  the  table,  both  the  leaded  and  non-lead  cables  met 
the  GR-409  requirements.  NL-3  performs  better  than  L-l  in 
simplex  and  worse  than  L-l  in  duplex,  although  changes  in 
strength  members  made  at  the  same  time  confound  the  results. 

2.2.2  ACCUMAX  Building  Cable  -  Riser  rated 

Here,  cables  were  re-qualified  using  the  non-leaded  materials  in 
buffering  and  jacketing.  Added  losses  observed  in  ICEA-596 
temperature  cycling  (-20°C  to  70°C)  were  0.014  dB  in  worst  case 
for  62.5  micron  fiber  at  1300  nm,  and  0.040  dB  in  worst  case  for 
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single-mode  matched  clad  fibers,  well  below  0.4  dB/0.6  dB  in  the 
specification. 

2.2.3  ACCUMAX  Building  Cable  -  Plenum  rated 

Here,  (L-l)  was  replaced  with  (NL-3)  as  buffer,  while  the  jacket 
material  was  changed  from  L-l  to  NL-2.  Again,  environmental 
requirements  during  temperature  cycling  0°C  to  70°C  were  well 
within  specified  levels  (0.264  dB/km  vs.  0.4  dB/km  at  1550  nm 
for  single-mode  matched  clad  fibers,  and  0.215  dB/km  vs.  0.4 
dB/km  at  1300  nm  for  50  micron  multi-mode  fibers). 

2.2.4  ACCUDRY  Indoor/Outdoor  cable  -  Riser  rated 

Here  we  replaced  L-l  with  NL-3  as  buffering  material.  Added  loss 
requirements  on  both  50  micron  high  bandwidth  multi-mode  and 
matched  clad  single  mode  fibers  met  requirements  on  temperature 
cycling  per  ICEA-696  (Table  3).  Again,  the  leaded  and  non-leaded 
compounds  had  different  rankings  in  the  two  comparisons. 


Table  3.  Environmental  testing  results  for 
ACCUDRY  Indoor/Outdoor  cables 


Loss 

Metric 

db/km 

50  micron  MM  fiber 

SM-MC  fiber 

L-l 

NL-3 

L-l 

NL-3 

Minimum 

-0.032 

-0.015 

0.001 

0.160 

Maximum 

0.197 

0.133 

0.024 

0.232 

Average 

0.065 

0.058 

0.017 

0.199 

Spec  Max 

0.6  at  1300  nm 

0.4  at  1550  nm 

2.3  Fire  safety  performance 

All  fire  tests  discussed  in  this  paper  were  conducted  by 
Underwriters  Laboratory,  Northbrook,  IL. 

2.3. 1  MINICORD  simplex ,  duplex  and  breakout  cables 

MINICORD  simplex  cable  is  comprised  of  a  buffered  fiber, 
aramid  yams  and  a  PVC  jacket.  The  PVC  jacket  material  (L-l) 
used  previously  had  lead  stabilizer  in  its  formulation.  Three  new 
materials  (NL-1,  NL-2  and  NL-3)  were  evaluated  as  its  potential 
replacement,  and  all  three  are  lead  and  cadmium  free. 
MINICORD  cable  prototypes  were  made  with  the  new  materials 
and  subjected  to  UL  1666  riser  test  and  UL  1685  smoke  test.  f 
Table  4  shows  the  comparison  of  fire  performance  between  the 
leaded  cable  and  the  new  simplex  cables  with  lead/cadmium  free 
jacket  materials. 


Table  4.  UL  1666  and  UL  1685  test  results  for 


MINICORD  sim| 

plex  cables 

UL  1666  test 

UL  1685  test 

Cable 

Jacket 

Flame 
Spread  (ft) 

Max. 

Temperature 

(F) 

Total  Smoke 
Release  (m2) 

Peak  Smoke 
Release  Rate 
(m2/s) 

L-l 

7-9 

516 

12.32 

0.15 

+  UL  is  a  registered  trademark  of  Underwriters  Laboratories,  Inc. 


NL-1 

5-6 

408 

3.01 

0.08 

NL-2 

4-3 

389 

3.50 

0.05 

ND3 

4-9 

430 

5.33 

0.06 

Spec 

max 

12 

850 

95 

0.25 

*  Test  data  are  averages  of  two  tests  per  cable.  This  applies  to  subsequent 
tables  in  this  paper. 


MINICORD  duplex  cables  have  the  zipcord  construction  with  two 
simplex  cables  attached  using  an  interconnecting  web.  Table  5 
shows  the  fire  test  results  for  duplex  cables. 


Table  5.  UL  1666  and  UL  1685  test  results  for 


MINICORD  duplex  cables 


UL  1666  test 

UL  1685  test 

Cable 

Flame 
Spread  (ft) 

Max. 

Temperature 

(F) 

Total  Smoke 
Release  (m2) 

Peak  Smoke 
Release  Rate 
(m2/s) 

L-l 

7-0 

533 

8.96 

0.12 

NL-1 

6-0 

428 

7.23 

0.07 

NL-2 

5-9 

402 

3.06 

0.04 

NL-3 

4-3 

394 

6.41 

0.05 

As  shown  in  the  tables  above,  all  simplex  and  duplex  MINICORD 
cables  passed  UL  1666  and  UL  1685  with  comfortable  margin, 
and  therefore  are  OFNR  rated  as  well  as  “LS”  Marked  (for  low 
smoke  performance).  However,  it  can  be  seen  that  the  non-lead 
cables  performed  better  than  the  cables  with  leaded  jacket  in  both 
UL  1666  and  UL  1685  tests. 

MINICORD  breakout  cables  range  from  4  to  72  fiber  counts,  and 
L-2  was  used  as  the  material  for  simplex,  unit  and  outer  jackets. 
Table  6  shows  the  fire  test  results  comparison  when  the  leaded 
material  is  replaced  by  the  non-lead  material  (L-4). 

Table  6.  UL  1666  results  for  MINICORD  breakout 
cables 


Cable 

Flame  Spread 
(ft) 

Max.  Temperature 
(F) 

4  -fiber  with  L-2 

5-9 

373 

12  -fiber  with  L-2 

7-9 

483 

4-fiber  with  NL-4 

9-0 

642 

12-fiber  with  NL-4 

9-0 

636 

As  shown  in  the  table,  the  non-lead  cables  did  not  perform  as  well 
as  the  leaded  cables,  but  nonetheless  meet  the  UL  1666  test 
requirements.  Although  the  basic  formulations  for  L-2  and  NL-4 
are  similar,  there  had  been  other  changes  in  addition  to  the 
stabilizer  package  change,  which  may  have  contributed  to  the 
difference  in  fire  performance  by  the  cables  made  with  the  non¬ 
lead  based  material. 

2.3.2  ACCUMAX  Building  Cable  -  Riser  rated 

OFS  ACCUMAX  Building  Cables  are  Riser  rated,  2-72  fiber 
count  cables.  In  the  past,  the  cables  were  made  with  a  leaded  PVC 
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material.  In  an  effort  to  remove  lead  from  these  cables,  a  new  non¬ 
lead  material  was  evaluated  as  a  replacement  in  these  cable 
constructions.  Cables  with  different  fiber  counts,  and  with  or 
without  subunits  were  constructed  and  tested  for  fire  resistance. 
Table  7  shows  the  UL  1666  test  results  for  the  cables  with  the 
leaded  material  (L-2)  compared  with  those  with  the  non-lead 
material  (NL-4). 


Table  7.  UL  1666  results  for  ACCUMAX  Riser  Cables 


Cable 

Flame  Spread 
(ft) 

Max.  Temperature 
(F) 

6  -fiber  with  L-2 

4-8 

- _ - 

347 

12  -fiber  with  L-2 

5-8 

392 

72-fiber  with  L-2 

5-3 

366 

6-fiber  with  NL-4 

5-9 

414 

12-fiber  with  NL-4 

5-6 

415 

72  fiber  with  NL-4 

7-9 

515 

The  results  indicated  that  the  leaded  material  had  similar  or 
slightly  better  fire  performance  than  the  non-lead  material, 
especially  in  the  case  of  the  72-fiber  cable.  However,  the  non-lead 
material  can  still  provide  adequate  fire  resistance  as  required  by 
UL  1666  and  National  Electric  Code. 

2.3.3  ACCUMAX  Building  Cable  —  Plenum  rated 

ACCUMAX  plenum  cables  were  built  with  a  leaded  PVC  material 
(L-l)  for  buffer  and  jacket.  Three  new  materials  (NL-1,  NL-2  and 
NL-3)  were  evaluated  as  its  potential  replacement,  and  all  three 
are  lead  and  cadmium  free.  Table  8  shows  the  UL  910/NFPA  262 
fire  test  results  for  various  72-fiber  cables. 


Table  8.  UL  910/NFPA  262  results  for  ACCUMAX 
Plenum  Cables 


Cable  Material 

Flame 
Spread  (ft) 

Peak 

Optical 

Density 

Average 

Optical 

Density 

Buffer 

Jacket 

—kl 

L-l 

4.5 

0.34 

0.12 

NL-1 

NL-1 

3.0 

0.46 

0.19 

NL-2 

NL-2 

2.3 

0.23 

0.10 

NL-3 

NL-3 

1.5 

0.28 

0.11 

NL-3 

NL-2 

2.1 

0.26 

0.11 

UL  910  spec  max 

5.0 

0.50 

0.15 

Among  the  three  non-lead  materials  evaluated,  NL-2  and  NL-3,  or 
the  combination  of  these  two  materials  yielded  excellent  fire 
performance  as  measured  by  the  plenum  fire  test.  On  the  other  hand, 
NL-1  provided  better  flame  performance  than  L-l,  but  the  smoke 
performance  was  rather  poor  and  failed  the  requirements  by  UL 
910/NFPA  262  test.  This  also  proves  that  the  selection  of 
appropriate  materials  for  a  certain  application  has  much  to  do  with 
cable  constructions,  as  well  as  the  synergies  between  different 
materials  in  the  cable. 


2.3.4  ACCUDRY  Indoor/Outdoor  cable  —  Riser  rated 

OFS  also  offers  a  line  of  ACCUDRY  indoor/outdoor  cables.  One 
family  of  the  cables  is  made  with  LSOH  materials  for  customers  with 
special  considerations,  while  another  family  of  the  indoor/outdoor 
cables  uses  PVC  material  for  buffer.  Since  the  old  PVC  material  has 
lead  stabilizer  in  its  formulation,  a  non-lead  replacement  for  this 
application  was  developed. 


Table  9.  UL  1666  results  for  ACCUDRY 
Indoor/Outdoor  cables 


Cable 

Flame  Spread  (ft) 

Max.  Temperature 
(F) 

L-l 

5-6 

404  i 

NL-3 

4-3 

382 

Table  9  shows  the  UL  1666  test  results  for  the  36-fiber 
indoor/outdoor  cables  made  with  leaded  and  non-lead  buffer 
materials.  It  is  shown  that  the  cable  with  lead  free  materials 
performed  slightly  better  than  the  previous  version  with  leaded 
buffer  material. 

3.  Conclusions 

Throughout  the  work  on  the  non-lead  conversion  of  OFS  premises 
cables,  it  has  been  shown  that  not  all  non-lead  materials  perform 
equally.  Cable  constructions  and  synergies  among  all  materials  in 
the  cables  need  to  be  considered.  Through  careful  screening  and 
evaluation  of  materials,  OFS  has  succeeded  in  choosing  appropriate 
heavy  metal  free  PVC  materials  to  produce  environmental-friendly 
premises  cables  with  good  thermal/UV  stability,  optical 
performance  and  fire  performance. 
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Abstract 

Helium  is  an  essential  component  used  in  the  manufacture  of 
optical  fiber  and  has  proven  substantial  advantages  over 
alternative  gases.  Due  to  the  increased  demand  for  helium 
combined  with  limited  available  new  capacity,  supply  of  this 
valuable  gas  has  recently  become  tight.  This  situation  has 
resulted  in  increasing  helium  prices  as  suppliers  seek  and  develop 
new  sources  to  meet  demand. 

In  an  effort  to  help  encourage  conservation  and  provide  cost 
saving  solutions  to  customers,  Praxair  has  been  very  active  for 
several  years  in  bringing  helium  conservation  and  recovery 
technology  to  optical  fiber  producers  and  other  large  helium 
consumers. 

The  decisions  made  now  may  have  a  material  impact  on  each  fiber 
producer’s  ability  to  effectively  control  future  costs  and  reap  the 
benefits  of  uninterrupted  production. 

This  paper  serves  to  examine  helium  supply  and  demand  drivers, 
advantages  of  using  helium  in  fiber  optics  manufacturing,  and 
important  aspects  of  applied  helium  recovery  technology,  in  order 
to  assist  the  optical  fiber  producer  in  formulating  a  plan 
appropriate  to  their  specific  circumstances. 

Keywords 

Helium;  recovery;  fiber  optic;  fiber;  draw  tower;  draw;  cooling  tube; 
cooling;  utility;  cost;  consumption;  consolidation;  purification; 
recycle;  supply;  coolant. 

1.  Introduction 

Due  to  its  unique  physical  properties  that  enable  improved 
product  quality  and  increased  production  efficiency,  helium  is 
universally  utilized  in  both  the  pre-form  manufacturing  and  fiber 
draw  processes.  As  fiber  production  becomes  increasingly 
competitive,  the  need  to  reduce  operating  costs  becomes  more 
important  to  the  success  of  each  fiber  manufacturer. 

Over  the  past  several  years,  utilization  of  helium  has  been 
increasing  in  areas  as  diverse  as  fiber  production,  lifting,  welding, 
leak  detection,  electronics,  MRIs,  lasers,  and  others.  As  a  result 
of  the  rising  demand  and  limited  new  capacity,  supply  of  this 
valuable  gas  has  become  tight.  The  outlook  is  for  helium  supply 
to  remain  tight  in  the  future  until  new  helium  capacity  is  added  to 
meet  the  expected  growth  in  demand. 


In  an  effort  to  help  encourage  conservation  and  provide  cost 
saving  solutions  to  customers,  Praxair  has  been  very  active  for 
several  years  in  bringing  helium  conservation  and  recovery 
technology  to  optical  fiber  producers  and  other  large  helium 
consumers.  A  number  of  helium  recovery  strategies  have  been 
developed  which,  when  combined  to  form  a  comprehensive  plan, 
can  reduce  helium  consumption  and  provide  significant  benefits. 
This  plan,  when  implemented,  can  simultaneously  reduce 
production  costs,  increase  helium  reliability,  and  conserve  a 
valuable  natural  resource. 

2.  Helium  Supply/Demand 

2.1  Helium  Supply 

Virtually  all  natural  gas  deposits  located  throughout  the  world 
contain  some  helium.  If  the  content  level  is  high  enough,  it 
becomes  economical  to  recover  the  helium  from  the  natural  gas. 
Typically,  only  natural  gas  containing  more  than  0.3  percent  helium 
by  volume  can  be  processed  economically  for  the  extraction  of 
helium. 

There  are  relatively  few  known  natural  gas  sources  worldwide  that 
contain  helium  at  such  levels.  Major  sources  of  worldwide  helium 
include  the  Hugoton  natural  gas  fields  of  Kansas,  Oklahoma,  and 
Texas  and  the  Riley  Ridge  area  of  Wyoming.  Since  the  1920s,  the 
Hugoton  fields  have  served  as  the  largest  single  source  of  helium  in 
the  world. 

Other  sources  of  helium  exist  throughout  the  world.  LaBarge,  WY 
and  Ladder  Creek,  CO  are  two  such  active  helium  source  locations 
in  the  US.  Similarly,  there  are  other  worldwide  sources  in  Algeria, 
Qatar,  Russia  and  Poland. (1) 

2.2  Helium  Demand 

Helium  finds  application  in  many  different  industries  due  to  its 
unique  chemical  and  thermodynamic  properties.  Helium  and  helium 
mixtures  have  long  been  used  in  the  welding  industiy  for  MIG  and 
TIG  shielding  gas.  Laser  welding,  a  newly  developing  technology, 
promises  to  carry  helium  forward  as  the  gas  of  choice  for  both  high 
and  low  tech  welding  applications. 

Another  large  and  growing  application  area  for  helium  is  the 
magnetic  resonance  imaging  (MR!)  market.  Other  application  areas 
include  diving  gas,  leak  detection,  balloons,  NMRs,  and  of  course 
fiber  optics.  In  addition,  exciting  new  application  areas  are 
currently  being  investigated.  These  developing  applications 
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typically  hinge  on  leveraging  helium’s  unique  thermodynamic 
characteristics  to  substantially  improve  the  performance  of  an 
existing  process. 

Demand  in  these  traditional  helium  applications  is  expected  to  grow 
in  the  range  of  5%  to  10%  per  year. 

2.3  Future  Outlook 

As  discussed,  demand  is  expected  to  be  robust  in  the  coming  years 
due  to  increased  usage  across  many  industries  and  applications. 
Worldwide  production  capacity  of  refined  product  is  expected  to 
increase  at  a  rate  comparable  to  the  projected  increase  in  demand. 
Therefore,  the  supply/demand  situation  is  expected  to  remain 
relatively  tight  for  the  foreseeable  fixture. 

Increasing  demand  for  helium,  substantial  new  investment 
requirements  associated  with  bringing  new  sources  on-stream,  and 
rising  raw  material  costs  from  existing  supply  sources  have  resulted 
in  a  general  rise  in  helium  prices. 

Praxair  understands  and  appreciates  the  negative  impact  that  higher 
prices  can  have  on  both  small  and  large  helium  consumers.  The 
outlook  for  a  rise  in  helium  pricing  worldwide  has  added  urgency  to 
our  push  for  helium  conservation  and  recovery. 

3.  Helium  Usage  in  Fiber  Optics 

3.1  Application  Areas 

3.1.1  Preform  Manufacture .  Helium  is  used  in  the  preform 
manufacturing  process  in  two  general  areas.  First,  helium  is 
utilized  as  the  carrier  gas  for  material  deposition  during  the 
preform  lay-down  process.  Next,  helium  is  used  as  a  sweep  gas 
for  impurity  removal  during  the  consolidation  step. 

The  vent  streams  from  these  processes  contain  significant  amounts 
of  helium.  However,  this  helium  is  often  mixed  with  other  gasses 
used  in  the  manufacturing  process  and  contains  difficult  to  handle 
trace  impurities  such  as  chlorine.  The  highly  variable  flow  and 
compositional  nature  of  these  vent  streams,  combined  with 
difficult  to  handle  trace  impurities,  make  helium  recovery  from 
these  streams  very  expensive. 

In  both  the  lay-down  and  consolidation  processes,  purity  of  feed 
helium  must  be  very  high  to  prevent  contamination  of  the  final 
consolidated  preform.  This  tight  specification  on  helium  purity  is 
a  significant  cost  contributor  for  a  recovery  system  incorporating 
purification. 

For  these  reasons,  most  recovery  efforts  in  the  fiber  optic  industry 
have  concentrated  on  the  draw  cooling  area  of  the  manufacturing 
process.  The  remainder  of  discussion  presented  hereafter  will 
deal  exclusively  with  recovery  from  the  draw  tower  area. 

3.1.2  Helium -  The  Gas  of  Choice  in  the  Draw  Tower  As 

discussed  above,  the  draw  tower  has  historically  been  the  area  of 
focus  for  helium  recovery  in  fiber  optics.  Pure  helium  is  typically 
used  in  the  draw  tower  heat  exchangers  to  cool  fiber  exiting  the 


preform  furnace  prior  to  being  fed  to  the  coating  operation. 
Helium  is  the  gas  of  choice  for  this  cooling  application  due  to  its 
extremely  high  thermal  conductivity. 

The  use  of  helium  facilitates  rapid  heat  transfer  from  the  molten 
fiber  exiting  the  preform  furnace  to  the  inner  surfaces  of  the 
cooling  tube.  This  rapid  heat  transfer  allows  the  length  of  the 
cooling  tube(s)  to  be  minimized  and  thus  serves  to  minimize  the 
overall  height  of  the  draw  tower.  This  effect  significantly  reduces 
the  overall  cost  of  a  new  draw  tower  facility.  For  an  existing  draw 
tower  facility,  the  use  of  pure  helium  as  coolant  gas  allows 
operation  at  increased  speed  without  modification  of  the  cooling 
tube  equipment. 

Figure  1  shows  the  thermal  conductivity  for  pure  helium, 
nitrogen,  and  argon.  This  figure  clearly  demonstrates  the 
superiority  of  helium  for  conductive  heat  transfer  applications.  No 
other  gas  or  combination  of  gases  provides  the  conductive  heat 
transfer  capabilities  of  pure  helium. 


Figure  1 .  Conductivity  of  Gasses 

Figure  2  shows  how  the  thermal  conductivity  of  a  helium/air 
mixture  drops  as  the  air  content  rises. 


Figure  2.  Conductivity  of  Helium/Air  Mixtures 

Evident  from  this  figure  is  the  fact  that  capital  expended  in 
achieving  very  high  purity  by  use  of  purification  is  often  not 
warranted  or  required  for  this  application.  In  helium  recycle  type 
recovery  systems,  purification  beyond  particulate  and  moisture 
removal  is  typically  not  required.  In  these  cases,  the  impurity 
level  of  the  withdrawn  gas  (recycle  stream)  is  carefully  monitored 
and  controlled  to  minimize  infiltration  of  ambient  air  while 
maximizing  recovery. 
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Since  glass  in  the  draw  stage  of  the  fiber  manufacturing 
process  is  fairly  insensitive  to  chemical  change,  the  required 
purity  of  helium  coolant  is  dictated  only  by  heat  transfer 
considerations.  This  fact  is  important  in  understanding  and 
evaluating  the  different  recovery  system  options  that  are 
available. 

3.2  Helium  Recovery  Considerations 


3.2.1  Customer  Equipment  Experience  has  shown  that 
recovery  can  not  be  successfully  instituted  without  careful 
consideration  of  specific  customer  equipment  and  control 
methodology.  While  there  is  strong  financial  incentive  to  propose 
a  recovery  system  design  based  merely  on  transmitted  design  and 
operational  information,  successful  implementation  of  recovery 
hinges  on  the  execution  of  one  or  more  well  planned  on-site  tests. 

There  is  significant  variation  in  the  design  and  operation  of  draw 
tower  cooling  tube  heat  transfer  equipment  from  customer  to 
customer,  site  to  site,  and  even  tower  to  tower.  Most  differences 
are  manifested  in  the  following  areas: 


Forces 


Bottom  Orifice 


Fiber  Drae 


Tod  Orifice 


Figure  3.  Forces  at  Work  on  Cooling  Tube  Gas 


•  Length 

•  Internal  Diameter 

•  Coolant  Distribution 

•  Inlet  and  Outlet  Port  Design 

•  Inlet  and  Outlet  Port  Location 

•  Number  of  Coolers 

•  Top  and  Bottom  Tube  Openings 

•  Jacketing  Design 

•  Jacketing  Coolant  Type 

•  Jacketing  Coolant  Temperature 

All  of  these  factors  impact  helium  recovery  to  some  extent. 
Cooling  tube  design  aspects  with  the  greatest  influence  on 
potential  recovery  are  the  diameter  of  the  top  and  bottom  fiber 
openings,  the  coolant  inlet  port  location(s),  and  the  recovery  port 
location(s).  Limiting  cooling  tube  top  and  bottom  fiber  opening 
area  is  essential  in  preventing  excessive  air  infiltration  and  helium 
loss. 

Proper  selection  of  inlet  and  withdrawal  ports  is  also  extremely 
important  for  helium  recovery.  The  optimum  location  of  these 
ports  is  highly  dependant  on  a  number  of  factors  including  total 
helium  flow  rate,  top  and  bottom  fiber  opening  diameters,  cooling 
tube  internal  diameter,  and  cooling  tube  length. 

The  reasons  for  these  operational  differences  between  cooling 
tube  designs  can  be  explained  by  examining  the  forces  at  work 
within  the  tube  itself.  Helium  flow  characteristics  within  a  given 
cooling  tube  are  dictated  by  a  delicate  balance  of  extremely  small 
forces  exerted  on  the  coolant  gas  by  the  cooling  tube  and 
associated  equipment.  Figure  3  illustrates  the  forces  that  exist 
within  the  cooling  tube.  Because  coolant  flow  rates  and  cooling 
tube  internal  pressures  are  typically  very  low,  the  forces  acting 
upon  the  gas  within  the  cooling  tube  are  extremely  small.  The 
small  forces  at  work  on  the  coolant  gas  within  the  cooling  tube 
cause  the  flow  of  gas  to  be  sensitive  to  small  changes  in  operating 
conditions. 


3.2.2  Helium  Usage  Rates.  Next  to  equipment  design, 
nothing  has  a  greater  impact  on  the  ability  to  effectively  recover 
helium  from  draw  tower  cooling  tubes  more  than  coolant  flow 
rate.  As  helium  flow  rate  is  decreased,  losses  from  the  upper  and 
lower  fiber  openings  of  a  given  cooling  tube  approach  a  fixed 
minimum  value  based  on  the  opening  size  and  cooling  tube 
geometry.  Thus,  for  applications  with  high  total  coolant  flow, 
these  fixed  losses  tend  to  be  a  low  percentage  of  the  total  gas 
flow.  In  general,  a  high  coolant  flow  rate  enables  high  recovery. 

For  applications  with  low  coolant  flow  rates,  end  losses  can 
become  very  significant.  In  these  applications,  minimizing  the 
top  and  bottom  opening  diameters  is  critically  important.  For  low 
flow  rate  applications,  openings  are  generally  reduced  to 
minimum  practical  values  as  dictated  by  equipment  design  and 
fiber  vibration  limitations. 

In  addition  to  affecting  the  efficiency  of  recoveiy,  the  flow  rate  of 
helium  used  by  a  given  draw  tower  has  a  direct  impact  on 
recovery  economics.  A  high  initial  helium  usage  rate  can 
generally  justify  a  high  level  of  recovery  system  complexity  and 
capital  cost.  Conversely,  low  helium  usage  rates  make 
justification  of  cost  effective  helium  recovery  much  more  difficult. 
In  these  cases,  recovery  efficiency  may  be  sacrificed  to  reduce 
capital  cost  in  order  to  increase  the  overall  attractiveness  of  draw 
tower  recovery. 


3.2.3  Available  Space.  Draw  tower  facilities  are  similar  to 
many  newer  industrial  settings.  During  design  and  construction 
of  a  draw  facility,  significant  efforts  are  expended  in  maximizing 
space  utilization  in  order  to  reduce  capital  requirements.  As  a 
result,  there  tends  to  be  little  available  space  for  addition  of 
ancillary  systems.  Single  tower  recovery  systems  are  ideally 
suited  to  this  type  of  environment.  These  systems  are  simple, 
small,  and  easy  to  install.  A  typical  single  tower  system  measures 
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just  0.5m  x  0.7m  x  0.3m,  consumes  less  than  1  Kw  of  electricity, 
and  is  available  in  wall  or  floor-mount  configurations. 

3.2.4  Ease  of  Installation.  Often  overlooked  and  chronically 
underestimated  are  the  issues  of  installation  cost  and  logistics. 
Recovery  systems  are  typically  retrofitted  into  existing  facilities 
that  have  been  in  operation  for  a  significant  period  of  time. 
Important  issues  in  the  following  areas  are  often  overlooked  or 
underestimated: 

•  Equipment  Size  -  Can  the  recovery  equipment  be  moved 
around  and  through  existing  doorways  and  equipment? 

•  Equipment  Weight  -  How  will  the  recovery  equipment  be 
lifted  into  place?  Are  existing  structures  adequate  for  the 
additional  weight? 

•  Electrical  Requirements  -  How  will  the  new  equipment  be 
powered?  Is  the  supporting  electrical  system  adequate? 

•  Supply  and  Return  Piping  System  Design  and  Construction  - 
Who  will  design  and  install  new  piping  to  and  from  the 
recovery  system(s).  Can  this  work  be  performed  while  the 
draws  are  in  operation  or  will  a  shutdown  be  required? 

•  Control  System  Integration  -  Does  the  existing  draw  tower 
control  system  need  to  be  modified  to  include  signals  from 
(or  send  control  signals  to)  recovery  system  equipment? 

3.2.5  Ease  of  Operation.  Ideally,  the  addition  of  recovery  to  a 
draw  tower  operator’s  list  of  equipment  he/she  is  responsible  for 
should  have  very  little  impact  on  daily  activities.  Sophistication 
of  recovery  system  equipment  and  controls  chosen  should  reflect 
the  type  of  equipment  that  a  draw  tower  operator  typically 
encounters.  For  instance,  if  helium  flow  to  a  cooler  was  manually 
adjusted  with  a  rotameter  and  valve  prior  to  helium  recovery, 
good  practice  would  dictate  that  manual  control  be  considered  for 
the  recovery  system  also.  Conversely,  if  helium  flow  was 
automatically  adjusted  prior  to  recovery,  a  recovery  system  should 
also  employ  continuous  control  in  its  design. 

Recovery  units  are  typically  fairly  simple  systems  constructed  of 
high  quality  components  reflective  of  the  value  of  the  gas  being 
processed.  Reliability  of  these  systems  is  extremely  important  due 
to  the  relatively  high  cost  of  downtime. 

Systems  designed  to  recover  helium  from  more  than  one  source 
must  be  designed  very  carefully  to  insure  that  an  upset  at  one 
source  location  does  not  affect  any  other.  In  addition,  sufficient 
automatic  controls  and  safeguards  must  be  in  place  to  insure  that 
recovered  helium,  if  contaminated  by  an  upset  at  one  source 
location,  does  not  affect  multiple  draw  lines  downstream  of  the 
recovery  system.  This  is  as  true  for  recovery  systems  that 
incorporate  purification  as  it  is  for  systems  that  do  not. 

3.2.6  Utility  Costs.  Recovery  systems  typically  utilize 
electricity  as  their  only  major  utility.  Single  draw  recycle  type 
recovery  systems  that  do  not  need  to  rely  on  purification  for  purity 
control  have  very  low  power  consumption.  A  typical  10-70  slpm 


recycle  type  system  can  be  plugged  into  a  standard  110/220VAC 
outlet  and  will  consume  less  than  1  Kw  of  electricity. 

Purification  based  recovery  systems  have  power  consumptions 
that  are  significantly  higher  than  recycle  type  systems.  By 
necessity,  these  systems  incorporate  compression  that  dramatically 
increase  energy  usage.  These  units  are  typically  380/480VAC  and 
require  a  dedicated  electrical  tie-in. 

3.3  Recovery  Technologies 

3.3.1  Recycle  Systems.  The  most  widely  applied  type  of 
recovery  system  to  date  is  the  single  tower  recycle  system.  Units 
of  this  type,  based  on  Praxair's  patented  process  and  control 
technology2,  provide  excellent  recovery  efficiency  using  a  cost 
effective  and  easy  to  operate  package.  A  flow  diagram  for  this 
type  of  system  is  shown  in  Figure  4. 


Helium  from  a  single  cooling  tube  is  withdrawn  from  one  or  more 
taps.  The  recovered  gas  from  each  tap  passes  through  a  dedicated 
oxygen  analyzer  where  the  oxygen  content  of  the  stream  is 
measured.  This  gas  then  passes  through  a  control  valve  and  to  the 
suction  of  a  vacuum  pump.  The  oxygen  content  of  the  withdrawn 
gas  is  measured  by  the  analyzer  and  controlled  to  a  pre¬ 
determined  set  point  by  the  automatic  control  valve.  Discharge 
from  the  vacuum  pump  is  filtered,  dried,  and  sent  back  to  the 
cooling  tube  as  recycle  gas. 

This  cycle  is  both  simple  and  effective.  In  this  system,  the  need 
for  purification  is  eliminated  by  proper  control  of  recovered  gas 
purity.  By  utilizing  active  purity  based  control,  excess  air 
infiltration  is  eliminated  while  maintaining  the  optimum  recovery. 
Effective  recovery  rates  in  excess  of  90%  have  been  demonstrated 
by  this  type  of  system 

Utilities  are  minimized  by  the  recycle  system  in  that  the  vacuum 
pump  needs  only  to  supply  sufficient  driving  force  to  the 
recovered  gas  to  overcome  system  and  control  valve  resistances. 
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Typical  vacuum  pump  pressure  rise  is  less  than  1.0  bar.  This 
pressure  rise  is  far  less  than  that  required  by  recovery  systems  that 
rely  on  purification. 


3.3.2  Purification  Based  Systems.  An  alternative  to 
recycle-only  type  helium  recovery  systems  is  the  purification 
based  system.  In  this  system,  impure  gas  is  withdrawn  from  the 
cooling  tube  at  a  fixed  or  variable  flow  rate.  This  gas  is  then 
compressed  to  approximately  10-15  barg  and  fed  to  a  purification 
system  where  bulk  removal  of  air  impurities  occurs.  Purification 
can  be  provided  using  various  technologies  such  as  membranes, 
pressure  swing  adsorption  (PSA),  cryo-trap,  etc.  For  purposes  of 
this  discussion,  it  is  assumed  that  purification  is  accomplished 
with  a  membrane  based  system. 

Low  pressure  product  (95%-99%  pure  helium)  from  the 
membrane  purifier  is  re-compressed  in  a  second  compressor, 
dried,  and  fed  back  to  the  customer’s  helium  supply  header.  A 
flow  diagram  for  this  type  of  system  is  shown  in  Figure  5. 


Figure  5.  Purification  Based  Recovery  System 

For  customers  with  low  draw  tower  helium  consumptions,  single 
draw  purification  based  recovery  systems  are  usually  not  practical. 
For  these  customers,  a  central  system  recovering  gas  from 
multiple  cooling  tubes  may  be  an  attractive  alternative.  With  a 
central  system,  however,  significant  time  and  attention  must  be 
focused  on  prevention  of  potential  tower  to  tower  interactions. 
All  potential  interactions  between  draw  tower  equipment  that  can 
affect  operation  must  be  identified  and  positively  eliminated. 

4.  Recovery  Plan  Benefits 

4.1  Cost  Reduction 

Helium,  while  not  a  major  cost  driver  in  fiber  production,  is  an 
increasing  variable  cost  to  the  producer.  Marketplace  factors 
promise  to  increase  this  cost  in  the  future.  A  comprehensive 


recovery  plan  can  reduce  a  fiber  producer’s  current  cost  of 
production  and  give  a  producer  control  over  future  costs. 

4.2  Reliability  and  On-Site  Storage 

One  ancillary  benefit  of  reduced  helium  consumption  is  an 
increase  in  the  effective  on-site  storage  for  a  given  facility.  If 
helium  consumption  for  a  facility  can  be  reduced  by  50%  by 
instituting  a  comprehensive  helium  recovery  plan,  the  effective 
storage  (number  of  production  days  worth  of  inventory)  for  the 
facility  will  be  doubled. 

An  alternative  to  increasing  a  site's  effective  storage  volume  is  a 
possible  reduction  in  the  number  and  size  of  helium  containers 
used  for  on-site  storage.  Thus,  helium  recovery  can,  in  some 
cases,  enable  a  reduction  in  storage  related  equipment  lease  fees. 

5.  Conclusions 

Helium  recovery  systems  have  been  in  use  in  the  fiber  optic  industry 
for  almost  a  decade.  Interest  in  these  systems  continues  to  increase 
due  to  competitive  pressures  in  the  fiber  industry  and  increasing 
helium  prices  worldwide. 

These  systems  can  provide  benefit  to  all  optical  fiber  manufacturers 
regardless  of  size,  type  of  fiber  produced,  or  volume  of  helium 
consumed. 
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Abstract 

The  actual  trends  in  fiber  optic  cable  manufacturing  arc  all 
connected  with  the  general  optimization  of  each  step  of  the 
production  process.  In  order  to  improve  the  performance  of  the 
cable,  to  reduce  the  costs  of  the  final  product  and  to  enhance  the 
production  range  of  the  equipment,  many  technologies  and  devices 
have  been  invented  to  reduce  optical  loss,  increase  production  speed 
and  allow  more  flexibility  in  the  manufacturing  process.  As  fiber 
and  cable  continues  its  movement  towards  commodity  production, 
continuous  automated  production  methods,  especially  in  the  buffer 
tube  process,  will  be  required  by  the  cable  manufacturing 
industries  to  be  competitive 

New  technological  developments  in  equipment,  from  conception  to 
design,  are  influenced  by  both  physical  and  practical  issues.  These 
can  range  from  production  philosophies  within  the  organization  to 
physical  limits  such  as  processing  lines  speed  for  a  typical  modem 
buffer  tube  line. 

A  case  study  focusing  on  automated  fiber  launching  demonstrates 
the  importance  of  the  utilization  of  active  systems  to  provide  the 
absolutely  vital  reliability  of  the  production  process.  The  equipment 
features  maximum  scrap  reduction  and  highest  efficiency  considered 
over  a  longer  period. 

Keywords 

Fiber,  optical,  fiber  optics,  buffering,  loose  tube,  tight  buffer,  semi- 
tight  buffer,  simplex,  premises  cable,  manufacturing,  automation 

1.  Introduction 

Most  constructions  of  optical  fiber  cable  (OFC)  are  based  on  a 
extruded  plastic  tube  that  contains  1  to  12  fibers.  The  fiber  has 
some  space  to  move  to  avoid  attenuation  increase  if  the  cable  is 
exposed  to  different  temperatures  or  mechanical  stress  e.g.  pulling 
or  bending.  To  guarantee  this  property  the  ratio  of  length  of  the  tube 
and  the  length  of  the  fiber  has  to  be  kept  very  accurate  for  the 
finished  product.  This  ratio  -  called  excess  fiber  length  (EFL)  -  is 
influenced  by  different  parameters: 

-  Fiber  tension 

-  Jelly  viscosity 

-  Cooling  water  temperature  (crystallization  rate) 

-  tension  of  tube  between  mid  span  capstan  and  exit  capstan 

-  take  up  tension 

-  line  speed 

Higher  line  speed  itself  has  influence  on  crystallization  rate  caused 


by  less  time  for  buffer  tube  material  to  cool  down  to  the  specific 
crystallization  temperature.  Additionally  the  tension  increases  in  the 
cooling  trough  due  to  higher  friction  which  results  in  tube 
elongation.  Both  results  in  high  post  shrinkage  and  therefore  high 
EFL.  Best  results  are  obtained  if  the  production  speed  of  a  loose 
tube  or  a  tight  buffer  process  is  kept  constant. 


100  150  200  250  300  350  400  450 

Line  speed  (m/min) 

Figure  1.  Effect  of  line  speed  on  EFL. 

As  fiber  cannot  be  joined  like  copper  a  new  fiber  has  to  be  re 
launched  into  the  running  tube  after  a  batch  length  is  finished.  The 
frequency  depends  on  line  speed  and  length  of  fiber.  E.g.  for  fiber 
length  of  2.2  km  and  a  line  speed  of  300  m/min  this  would  be  about 
every  7  minutes  where  the  operator  has  to  re  launch.  The  launching 
procedure  is  very  critical  and  depends,  especially  at  higher  speeds, 
operator  skill  level,  experience  and  attention. 

Regardless  of  production  speed,  safety  with  respect  to  fiber 
handling  is  an  issue.  This  issue  becomes  increasingly  critical  with 
higher  production  demands  and  increased  line  speeds  .  The  operator 
is  exposed  to  dangers  like  contamination  with  glass  splinters  or 
laceration.  With  the  tensile  strength  of  a  fiber  at  1 5  N,  a  1 2  fiber 
bundle  if  wrapped  around  a  finger  pulls  immediately  with  a  force  of 
180  N  (40  lb  force)  and  this  with  line  speed  e.g.  300  m/min  will 
result  in  injury.  Or  another  alarming  value  is  the  pressure  of  a  single 
fiber  which  increases  to  the  amount  of  20  times  of  the  atmospheric 
pressure  before  the  fiber  breaks  You’ve  experienced  this  if  you  have 
ever  attempted  to  break  a  single  fiber 

Summarizing  there  are  several  reasons  why  it  is  of  interest  to  have 
fully  automated  systems  for  the  production  buffered  tubes: 

-  to  obtain  a  constant  speed  to  get  constant  EFL 

-  to  increase  productivity  of  the  line 

-  to  decrease  amount  of  fiber  scrap  and  plastic  scrap 

-  to  minimize  production  safety  issues 
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2.  Automatic  Fiber  Launching,  the 
missing  Link 

Many  efforts  were  invested  to  automate  the  loose  tube  process.  On 
the  take  up  side,  a  dual  reeler  was  developed  to  allow  reel  change 
without  variation  of  the  line  speed.  Two  sets  of  pay  offs  are  used  to 
allow  continuous  production  and  minimal  downtime  due  to  setup. 
But  still  the  operator  has  to  wait  for  the  end  of  the  actual  batch 
length  that  he  can  start  the  new  one  by  manual  launching. 

Watching  the  operator  you  see  that  this  procedure  needs  a  lot  of 
experience  to  launch  the  single  fiber  or  the  fiber  bundle  successfully. 
He  holds  the  fibers  in  one  hand  against  the  back  tension  from  the 
driven  payoff  dancers,  with  the  other  hand  he  feeds  the  end  into  the 
die  of  the  crosshead  or  pre  wetting  unit,  always  taking  care  that  there 
is  a  loop  with  enough  fiber  length  which  allows  it  to  accelerate  when 
the  end  of  fiber  is  caught  within  the  running  tube.  It  is  easy  to 
imagine  the  scenarios  for  failure  during  the  manual  launching 
sequence.  Included  are  a  variety  of  reasons  the  operator  may  not  be 
prepared  to  launch,  ranging  from  working  on  other  aspects  of  the 
line,  product  testing  or  to  simply  being  absent  from  the  line.  The 
above  description  gives  a  general  guideline  to  the  requirements  of 
an  automatic  launching  system.  They  are: 

-  guiding  of  the  fiber  to  the  die  of  the  crosshead 

-  active  transport  of  the  fiber  to  the  tube 

-  highest  dynamics  to  accelerate  within  the  shortest  time 

-  pulling  capstan  to  decouple  dancer  load  from  fiber  feed  end 

-  complete  release  of  the  fiber  after  launching.  Minimizing  the 
influence  on  production  quality  and  enabling  preparation 
for  launching  the  next  fiber  set 


Figure  2.  principal  of  an  automatic  launching 
system  (Rosendahl  patent  pending) 


To  gain  a  fully  automated  fiber  line  with  high  productivity  the 
following  Equipment  is  necessary: 

A  High  dynamic  fiber  pay  off  which  is  able  to  accelerate  in 
shortest  time  to  production  speed.  2  Sets  of  pay  offs  are  needed  for 
continuous  production. 


Figure  3.  high  dynamic  fiber  pay  off 


An  Active  clamping  and  cutting  device,  synchronized  to  the  pay 
offs,  that  enables  a  fast  stop  from  500  m/min  to  zero  within  1 
second.  That  means  less  than  10  m  fiber  scrap  at  this  high  speed. 
Even  that  small  amount  will  be  rewound  to  the  reel  and  may  be  used 
for  the  next  launching.  2  Sets  are  needed  for  continuous  production. 

Typical  customer  experiences  show  that  fiber  scrap  is  closer  to 
10x  the  scrap  generated  by  an  actively  controlled  system  as 
described.  In  addition,  any  current  systems  employed  have  proven 
un-reliable  at  current  high  production  speeds. 


Figure  4.  Active  fiber  clamping  and  cutting 
device 


An  Automatic  launching  system  with  an  active  feeding  system 
which  releases  the  fiber  after  launching  may  be  set  up  with  new  fiber 
reel  batch  during  production  of  the  actual  batch  in  production.  This 
system  is  able  to  handle  1  to  12  fibers,  including  tight  coated  fiber 
for  the  continuous  production  of  a  simplex  cable. 
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Figure  5.  Automatic  launching  system 


A  Dual  reeler  with  an  optimized  change  over  cycle  time  which  is 
synchronized  with  the  main  line  control  system  enables  minimal 
scrap  and  total  production  flexibility.  The  short  change  over  length 
of  the  finished  cable  coupled  with  a  fast  reaction  of  the  dual  reeler 
makes  the  negates  the  need  for  an  intermediate  scrap  reel.  As  is  the 
norm  for  copper,  the  changeover  scrap  is  put  on  top  of  the  last  reel, 
which  can  then  be  used  for  startup  on  the  next  process  or  can  easily 

be  pulled  ♦■Via  taaI 


Figure  6.  dual  reeler 

The  Line  Control  System  should  have  production  batch  control 
capabilities  that  allow  for  ease  of  operator  setup  and  full  automation 
of  the  changeover  process  from  Fiber  to  Take-up. 


3.  Test  results  and  Productivity  of 
different  Line  Set  Ups 

The  first  test  for  an  active  launching  system  is  the  ability  to 
demonstrate  controlled  acceleration.  To  show  this  case,  equipment 
was  installed  in  following  way: 

a  fiber  from  a  high  dynamic  pay  off  was  threaded  to  the  automatic 
launching  system.  From  there  it  was  guided  to  a  running  Belt-wheel 
capstan.  This  test  actually  demonstrated  a  worst  case  scenario  as  the 
fiber  was  snagged’  by  the  belt  with  no  slip,  unlike  the  environment 


with  insertion  into  a  tube,  where  slippage  is  present.  In  this  case  the 
dynamics  and  control  of  the  system  were  tested  to  the  extreme  with 
respect  to  acceleration  and  synchronization  with  the  line. 

This  test  and  demonstration  was  in  effect,  a  prelude  of  results  that 
could  be  expected  for  tight  and  semi  tight  buffer  tube  process.  As 
expected,  speeds  in  excess  of  400  m/min  were  achieved  to  launch 
with  the  automatic  launching  system. 

Figure  6., Table  1.  to  5.  show  the  comparison  of  the  productivity  of 
different  line  configurations  on  several  products  and  fiber  length 

Line  A) 

A  line  with  conventional  pay  off  able  to  launch  only  at  lower  speed 
A  double  reeler  is  used  as  take  up 

Line  B) 

Semi  automatic  line  which  is  equipped  with  2  sets  of  high  dynamic 
pay  offs  and  clamping/cutting  devices.  The  launching  process  has  do 
be  done  manually.  A  double  reeler  is  used  as  take  up. 

Line  C) 

Automatic  line  for  continuous  production  with  2  sets  of  high 
dynamic  pay  offs  and  clamping/cutting  devices.  A  automatic 
launching  system  handles  the  launching  process.  A  double  reeler 
with  short  change  over  time  in  combination  with  the  automatic 
launching  make  short  scrap  length  possible  which  need  no  extra 
scrap  reel.  A  sophisticated  line  control  system  execute  a  automatic 
batch  control  this  includes  reduction  of  color  scrap  length. 


time  (mini 

Figure  6.  Ramping  a  line  (A)  compared  to 
automatic  launching  system  (C)  /  time  and 
fiber  saving  at  a  2000m  production  length 
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Table  1.  Loose  tube  with  12  fibers,  300  m/min  line  Table  2.  Semi  tight  coating,  300  m/min  line  speed, 

speed,  6km  batch  length  and  25km  fiber  length  8,8  km  fiber  length 


Semi  Tight  Coating  0,3/0, 9mm 

1  fibers,  2km  batch 

line  speed  300  m/min 

8,8  km  fiber  length 

A) 

conventional  line 

with  ramping 

B) 

semi  automatic 

with  manual 

launching 

C) 

continuous 

production  incl. 

automatic 

launching 

preparation  of  line/  day 

min 

60 

60 

60 

Launching 

min 

1 

1 

0,1 

ramping  (up  +  down) 

min 

2,5 

0 

0 

threading  new  fiber 

min 

1 

0 

0 

time  for  batch  length 

min 

26,7 

26,7 

26,7 

change  overtime 

min 

3,75 

1 

0,1 

change  over  /  day 

1/24h 

47,3 

52,0 

53,7 

line  not  in  production 

min 

237 

112 

65 

productivity  km /day 

km/24h 

361 

398 

412 

length  line  ramping 

km 

118 

0 

0 

Improvement 

% 

100 

110 

114 

Loose  tube  1t5/2,5mm 

12  fibers,  6km  batch 

line  speed  300  m/min 

25  km  fiber  length 

A) 

conventional  line 

with  ramping 

B) 

semi  automatic 

with  manual 

launching 

C) 

continuous 

production  incl. 

automatic 

launching 

preparation  of  line 

min 

3*) 

3*) 

1**) 

Launching 

min 

1 

1 

0,1 

ramping  (up  +  down) 

min 

2,5 

0 

0 

threading  new  fiber 

min 

10 

0 

0 

time  for  batch  length 

min 

20 

20 

20 

change  overtime 

min 

9***) 

4 

1,1 

change  over/24h 

1/24h 

49,7 

60,0 

68,2 

line  not  in  production 

min 

447 

240 

75 

productivity  km /day 

km/24h 

298 

360 

409 

length  line  ramping 

km 

124 

0 

0 

Improvement 

% 

100 

121 

137 

*)  Preparation  incl.  threading  of  tube,  color  change  and  change  of  scrap  reel 
**)  Reduced  preparation  time  due  to  nearly  no  scrap  which  allow  no  use  of 
scrap  reel  and  reduced  color  change  length  optimized  by  line  control  system 
***)  There  are  4  batch  lengths  on  1  fiber  length.  1/4  of  threading  time  was 
added  to  die  change  over  tim 

Table  3.  Semi  tight  coating,  300  m/min  line  speed,  Table  4.  Semi  tight  coating,  400  m/min  line  speed, 

2,2  km  fiber  length  2,2  km  fiber  length 


Semi  Tight  Coating  0,3/0, 9mm 

1  fibers,  2km  batch 

line  speed  400  m/min 

2,2  km  fiber  length 

A) 

conventional  line 

with  ramping 

B) 

semi  automatic 

with  manual 

launching 

C) 

continuous 

production  incl. 

automatic 

launching 

preparation  of  tine/  day 

min 

60 

60 

60 

launching 

min 

1 

1 

0,1 

ramping  (up  +  down) 

min 

2,5 

0 

0 

threading  new  fiber 

min 

1 

0 

0 

time  for  batch  length 

min 

5 

5 

5 

change  over  time 

min 

4,5 

1 

0,1 

change  overs  /  day 

1/24h 

151,6 

240,0 

282,4 

line  not  in  production 

min 

742 

300 

88 

productivity  km  /  day 

km/24h 

279 

456 

541 

length  line  ramping 

km 

379 

0 

0 

improvement 

% 

100 

163 

194 

Semi  Tight  Coating  0,3/0, 9mm 

1  fibers,  2km  batch 

line  speed  300  m/min 

2,2  km  fiber  length 

A) 

conventional  line 

with  ramping 

B) 

semi  automatic 

with  manual 

launching 

C) 

continuous 

production  incl. 

automatic 

launching 

preparation  of  line/  day 

min 

60 

60 

60 

launching 

Min 

1 

1 

0,1 

ramping  (up  +  down) 

Min 

2,5 

0 

0 

threading  new  fiber 

Min 

1 

0 

0 

time  for  atch  length 

Min 

6,7 

6,7 

6,7 

change  overtime 

Min 

4,5 

1 

0,1 

change  overs  /  day 

1/24h 

128,6 

187,0 

211,8 

line  not  in  production 

Min 

639 

247 

81 

productivity  km  f  day 

km/24h 

240 

358 

408 

length  line  ramping 

km 

321 

0 

0 

improvement 

% 

100 

149 

170 
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Abstract 

Overview  of  the  FAA  Aging  Electrical  Systems  Research  Program  and  some  lessons  that  are  emerging 
concerning  electrical  systems  maintenance  and  the  need  for  the  systems  engineering  process  to  consider 
electrical  interconnect  system  design  more  carefully  during  original  design  and  subsequent  modifications, 
repairs,  and  upgrades. 

Keywords:  UL  Standards,  Safety,  National  Electrical  Code  (NEC),  ANCE,  CSA 
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Since  joining  the  FAA  three  years  ago,  Mr.  Pappas  has  managed  the  Aging  Electrical  Systems  Research 
Program.  This  program  supports  a  large  number  of  projects  aimed  at  the  development  of  technologies  to 
eliminate  or  mitigate  the  hazards  associated  with  aircraft  electrical  interconnect  systems.  In  partnership  with 
the  Naval  Air  Systems  Command,  the  project  has  successfully  managed  the  development  of  Arc  Fault  Circuit 
Breakers  for  use  aboard  aircraft.  The  program  also  conducts  a  number  of  projects  aimed  at  the  development 
of  knowledge  and  data  on  various  aspects  of  electrical  interconnect  systems  aging  and  degradation. 
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While  with  the  Navy,  Mr.  Pappas  specialized  in  the  system  safety  engineering  for  aerial  target  and  unmanned 
air  vehicle  systems.  He  was  Branch  Manager  for  System  Safety  Engineering  for  eight  years  with 
responsibility  for  over  a  dozen  fixed  and  rotary  wing  system  safety  programs. 

Mr.  Pappas  has  a  BS  degree  in  Industrial  Engineering  from  Polytechnic  Institute  of  New  York,  and  an  MS 
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Chairman,  ISO  WG4,  Low  Tension  Cable;  Chairman,  SAE  US  Advisory  Group  for  ISO  SC3;  US  Delegate,  ISO 
SC3,  Electrical  &  Electronic  Devices;  Vice  Chairman,  SAE  Electrical  Distribution  Systems  Standards 
Committee;  Member,  SAE  42  Volt  Advisory  Committee;  Member,  SAE  Wiring  Systems  Task  Force;  Member, 
SAE  US  Advisory  Group  for  ISO  WG  13,  Environmental  Conditions. 
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Abstract 

Flat  wire,  Flexible  Printed  Circuit  (FPC)  and  Flat  Cable  (FFC),  provides  innovative  solutions  to  traditional 
wiring  problems.  Low  profile,  decreased  weight  and  increased  dimensional  stability  can  enhance  packaging 
and  reliability.  Patterned  circuit  arrangements  on  FPC  allow  for  controlled  EMC/RFI  performance, 
opportunities  for  integration,  and  implementation  of  “smart”  connectors  and  devices.  FPC  and  FFC  will  help 
to  facilitate  overall  Electrical/Electronic  Distribution  Systems  (EEDS)  architecture  at  Delphi.  Unique  Flat 
Wire  connection  systems,  e.g.  Dock  &  Lock,  contribute  to  modularization  of  vehicle  subsystems.  Flat  wire 
manufacturing  and  assembly  processes  are  highly  automatable  which  provides  greater  consistency  and 
repeatability.  An  application  specific  design  insures  a  better  fit,  minimizes  assembly  time  and  labor  and 
reduces  the  amount  of  assembly  fixtures.  Consistent  with  Delphi’s  vision.  Flat  Wire  allows  for  an  optimized 
E/E  system  that  is  smaller,  lighter,  smarter  and  more  cost-efficient,  while  solving  challenges  in  packaging 
reliability  and  quality. 

Keywords.  FPC,  FFC,  EEDS,  Flat  Wire,  Flat  Cable,  Automotive  Harnesses 
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based  heaters,  sensors  and  power  and  signal  distribution  devices. 

Perlov  joined  Delphi  in  1995  and  held  various  positions  related  to  adapting  FPC  technology  to  the 
automotive  applications. 

He  is  a  member  of  the  SAE  wiring  task  force  to  create  industry  standards  for  Flat  wire  in  automotive 
applications. 
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Abstract 

The  automobile  and  light  truck  market  is  facing  a  potential  revolution.  From  digital  information  and  42-volt 
power  transmission  to  alternative  power  sources  and  “electronic”  safety  cocoons.  The  changes  that  have 
been  forecast  could  change  the  way  in  which  we  interact  with  our  vehicles  and  the  way  our  vehicles  interact 
with  the  surroundings. 

This  presentation  will  focus  on  the  impact  this  revolution  will  have  on  the  wire  and  cable  found  in  four  major 
areas  of  the  vehicle.  These  areas  are  defined  as  infotainment,  safety  and  chassis,  powertrain  and  body.  The 
topics  covered  will  include  what  is  the  state  of  the  design  today,  what  standards  exist,  and  what  the  next 
generation  might  look  like. 

Keywords:  Automotive  Harnesses,  42-volt,  42-volt  Architecture,  Automotive  Cables 
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Abstract 

Nanotechnology  is  a  series  of  disciplines  that  work  at  the  atomic 
and  molecular  level  to  create  many  types  of  structures  or  devices 
with  improved  or  novel  characteristics.  In  a  recent  national 
project,  the  National  Nanotechnology  Initiative  (NNI), 
nanoscience  and  nanotechnology  are  showing  a  road  full  of 
opportunities  and  challenges  ranging  from  fundamental 
discoveries  to  educational,  societal,  and  business  issues.  The 
government’s  investment  in  the  future  of  nanotechnology,  is  now 
supported  by  approximately  $600  million  in  fiscal  year  2002,  and 
serves  as  a  major  force  in  shaping  the  direction  of  the  U.S. 
nanotechnology  research  and  development  activities 
(<http://nano.gov>).  It  emphasizes  long-term,  fundamental 
research  aimed  at  discovering  novel  phenomena,  processes,  and 
tools;  addressing  NNI  Grand  Challenges;  supporting  new 
interdisciplinary  centers  and  networks  of  excellence  including 
shared  user  facilities;  supporting  research  infrastructure;  and 
addressing  research  and  educational  activities.  Significant 
scientific  developments  have  been  an  outcome  to  this  initiative  in 
such  areas  as  quantum  dots  and  wires,  nanostructure  assembly, 
molecular  electronics,  sensors  and  coatings. 

Advances  in  understanding  fundamental  physics  and  engineering 
on  the  nanoscale  are  viewed  as  critical  to  the  development  of  next 
generation  devices  and  systems.  Progress  in  nanotechnology  is 
enabled  by  the  remarkable  success  in  semiconductor  materials 
growth,  nanoscale  patterning,  device  fabrication,  polymers  and 
coating  technology.  It  is  now  possible  to  fabricate,  literally  atom- 
by-atom,  semiconductor  materials  that  do  not  exist  in  nature  and 
with  properties  that  are  near  ideal  for  application  in  electronics, 
optics  and  magnetics.  Nanotechnology  as  applied  to  opto¬ 
electronics  offers  an  area  ripe  with  opportunities  and  challenges. 
In  one  area  the  convergence  of  nanotechnology,  material  process¬ 
ing,  tools,  and  applications  is  driving  the  realization  of  integratged 
photonics  and  the  all  photonics  chip.  Part  of  this  approach  is 
photonic  crystals.  Building  these  crystals  requires  creating 
periodic  structures  from  dielectric  materials  that  repeat  themselves 
exactly  and  at  regular  intervals.  If  the  matrix  is  made  precisely  the 
resulting  structure  may  have  a  photonic  bandgap  (PBG),  a  range 
of  forbidden  frequencies  within  which  a  particular  wavelength 
may  be  blocked,  and  the  electromagnetic  radiation  is  reflected. 
Photonic  bandgap  structures  and  the  associated  nanofabrication 
allows  photonics  to  advance  optoelectronic  miniaturization,  light 
localization,  and  highly  integrated  optical  devices  and  com¬ 
ponents.  Integrated  3-D  photonic  crystal  structures  form  the  basis 
for  the  fabrication  of  a  photonic  chip  utilizing  the  important  1 .5 


micron  wavelength  associated  with  micro-photonic  circuits, 
computers,  optical  interconnects,  micronets,  and  communication 
systems. 

These  developments  have  been  primarily  in  planar  PBG 
technology,  only  modest  efforts  have  been  expended  in 
implementing  the  PBG  concept  to  the  design,  synthesis  and 
fabrication  of  photonic  crystal  based  optical  fiber.  Current  optical 
fiber  relies  upon  a  transverse  variation  in  index  of  refraction  that 
varies  slowly  in  comparison  with  photon  wavelength.  Also  the 
glass  absorption  properties  limit  single  mode  propagation  to  a 
wavelength  range  that  is  very  narrow  compared  to  the  fiber’s 
inherent  bandwidth.  Furthermore,  the  integration  of  additional 
functions  is  currently  restricted  to  a  single  task  in  a  given  length 
of  fiber.  Small  amounts  of  PBG  based  fiber  with  wavelength 
independent  single  mode  performance  have  been  produced 
resulting  in  nano-scale  control  of  the  refractive  index  profile 
across  the  fiber’s  diameter.  Although  the  lengths  of  fiber 
produced  have  been  short  and  the  design  and  modeling  limited,  it 
does  show  the  potential  benefits  of  nano-scale  control  of  photons 
in  fiber  optics.  Indications  are  that  the  fiber  itself  can  be  used  as  a 
sensor  measuring,  for  example,  pollutants  in  gases  and  liquids. 
Related  areas  of  exploring  nanoscale  approaches  to  fiber 
communications  include  nanochannel  glass,  polymers,  and  special 
coating  technologies. 
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Abstract 

Using  biomaterials  as  a  guide,  we  have  explored  various 
approaches  to  the  continuous  self-assembly  and  processing  of 
hierarchically  structured  inorganic/organic  composites  with 
rare  earth  ions,  organic  dyes,  and  quantum  dots  organized  into 
highly  organized  spatially  defined  domains  built  into  silica, 
titania  and  other  compositional  media.  These  efforts  have 
resulted  in  fibers  with  linear  and  nonlinear  patterned 
mesostructures  and  with  or  without  hollow  micron  sized 
channels;  wave  guides  hierarchically  structured  from  the  nano 
through  the  photonic  and  micron  length  scales;  and,  in 
transparent  films  with  built-in  molecular  optical  switches  and 
sensor  functionality.  The  chemistry  makes  it  possible  to  create 
Fabry-Perot  or  distributed  feed  back  lasers,  ring  lasers  and  a 
single  mode  microcavity  laser  (<  4pm  diameter)  that  is 
completely  constructed  by  self  assembly  without  any 
additional  processing,  substrate  or  incorporation  of  mirrors. 
For  the  1-d  and  2-d  laser  configurations  relatively  low  photon 
thresholds  are  possible  due  to  the  high  homogeneity  of  the 
optical  species  that  can  be  achieved  within  the  composite 
structure. 
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1.  Introduction 

Synthesis  with  simultaneous  process  control  of  patterning  and 
assembly  on  nano-,  meso,  submicron  and  micron  length  scales 
is  of  crucial  importance  for  many  applications,  including 
sorption,  separation,  catalysis,  and  electro-optic  device 
fabrication.  Selectively  utilizing  the  thermodynamics  and 
kinetics  of  competing  molecular  assembly  interactions  can  be 
particularly  effective  in  collectively  defining  nano-,  meso-and 
micron  scale  order.  For  example,  it  is  now  well  established 


that  by  using  the  isoelectric  point  (IP)  and  acid  catalyzed 
assembly  of  silica  into  organized  domains  [2,  3]  it  is  possible 
to  simultaneously  synthesize  and  process  thin  films  [4,  5], 
fibers [6],  spherical  mesoporous  walls  encompassing  liquids 
(by  microemulsion  or  nanoemulsion  templating)  in  oil  or 
air[7],  oriented  monoliths[8],  patterned  waveguides  using  soft 
lithography  techniques [9],  two-dimensional  configurations 
by  ink-jet  printing[10],  and  other  3D  morphologies  or 
patterning. 

The  current  research  is  directed  towards  the  development  and 
optimization  of  new  synthesis  methodologies  for  the 
preparation  of  versatile,  multi -structured,  and  multi-functional 
materials.  The  ability  to  obtain  hierarchically  structured 
composite  materials  with  structural  patterning  on  the  nano-, 
meso,  photonic,  micron  and  larger  length  scales  using 
molecular  assembly  has  been  established.  Section  2  describes 
some  of  the  recent  results  in  this  area. 

The  challenge  now  is  to  incorporate  desired  functionality  into 
the  structural  components,  and  thus  generate  by  molecular 
assembly  integrated  composite  material  systems  made  up  of 
multicomponent  functional  units.  Systems  of  interest  have  as 
electronic  components  variable  band-gap  nanoparticle  arrays 
as  well  as  low-concentration  atomic  (e.g.  rare  earth  ion)  or 
molecular  (e.g.  optical  dye)  species  that  are  organized  using 
meso-  and  micron-scale  assembly.  Section  3  briefly  describes 
the  design  and  selection  of  molecular  components  and 
processing  conditions  for  the  cooperative  assembly  and 
organization  of  electro-optic  species  into  functional 
hierarchically  ordered  domains.  These  include  optical 
waveguide  and  optical  amplification  materials  that  enable  low- 
energy/photon  or  electron  input,  high  sensitivities,  low 
photon  loss,  and  feedback,  with  potential  applications  as 
optical  amplifiers,  microlasers  for  bio-  and  chemical  sensor 
applications,  optical  switches,  displays,  and  optical  limiters. 
This  approach  combines  synthesis  and  processing  with 
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patterning  on  multiple  length  scales  using  block  copolymer 
self-assembly,  sol-gel  processing,  and  microlithography, 

In  Section  4,  an  example  is  given  of  how  electronic 
confinement  in  quantum  dots  and  semiconductor 
nanoparticles  can  be  integrated  by  photon  coupling  within 
optical-sized  cavities  (photon  storage  and  emission)  which 
have  incorporated  waveguide  structures  (photon  transport). 
These  systems  are  molecularly  assembled  and  defined  across 
mesoscopic  and  photonic  length-scales.  Specifically  we  this 
includes  (1)  the  molecular  assembly  of  microcavity  lasers,  and 
(2)  cooperatively  assembled  semiconductors  (e.g.  Ti02)  and 
rare  earth  emitters, 

2.  Background 

2.1  Structured  composite  materials 

The  synthesis  and  processing  of  hierarchically  structured 
materials[2,  3,  11,  12],  is  achieved  by  using  weak  hydrogen 


Figure  1.  High-resolution  electron 
microscopy  image  of  cubic  (Pm3n) 
mesoporous  silica  (SBA-1)  showing 
periodic  patterning  of  amorphous  silica. 

bonding  interface  interactions  and  careful  control  of  the 
kinetics  of  the  cooperative  organization  of  organic  molecules 
with  inorganic  molecular  species  into  easily  processible 
nanocomposite  structures  with  highly  ordered  mesostructures 
(Figures  1  and  2)  with  different  space  group  symmetries.  For 
silica,  this  was  initially  achieved  for  the  first  time  using 
cationic  surfactants  that  interacted  via  hydrogen-bonding  with 
cationic  silica  species  at  pH  values  below  the  isoelectric  point 
of  silica[2,  13].  More  recently,  it  has  subsequently  been 
demonstrated  that  neutral  triblock  polymers,  as  well  as 
diblock  and  star  diblock  copolymers,  could  be  used  at  dilute 


concentrations  and  at  pH  values  below  the  aqueous  isoelectric 
point  of  silica  to  make 
highly  organized  silica 
mesostructures[3]. 

With  both  types  of 
organics,  self-assembly 
takes  place  in  the 
presence  of  hydrogen¬ 
bonding  interactions 
between  an  organic 
functional  group  and 
the  cationic  silica 
species.  This  acid- 
synthesis  approach  has 
proven  to  be 
advantageous  for  a 
number  of  reasons, 
including  the  ease  of 
processing,  the  high 
hydrothermal  stability 
of  the  resulting  products,  and  the  high  degree  of  mesoscale 
order  (Figures  1,  2).  The  neutral  poly(ethyleneoxide)- 
poly(propyleneoxide)  poly(ethyleneoxide)  (PEO-PPO-PEO) 
triblock  copolymers  are  inexpensive  and  can  be  removed  by 
simple  aqueous  or  aqueous/ethanol  wash  for  reuse,  in  further 
syntheses. 

Molecular  assembly  can  be  particularly  effective  in  defining 
nano-  and  mesoscale  order.  Process  control  of  patterning  and 
assembly  on  submicron  and  micron  length  scales  is  of  crucial 
importance  for  many  applications,  including  sorption, 
separation,  catalysis,  and  above  all  for  optical  applications. 
The  synthesis  procedures  described  above  lend  themselves 
readily  to  multiphase  media  or  shear  processing,  which  gives 
great  versatility  for  the  creation  of  hierarchical  or  component 
systems  on  different  length  scales[9].  Combining  this  with 
the  proposed  studies  on  electro-optic  response  response  is 
anticipated  to  provide  a  means  to  construct  materials  that  are 
not  only  hierarchically  structured,  but  that  exhibit  different 
functions  related  to  the  different  length  scales.  Such  materials 
will  be  used  to  form  a  basis  for  producing  integrated  systems 
with  opto-electronic  communication  and  environmental 
response  functionalities  on  all  system  length  scales. 


Figure  2.  Direct  image 
of  3D  cages  and  bimodal 
pore  structure  of 
SBA-1.  Amorphous 
walls  in  silica  SBA 
structures  have  a 
uniform  thickness 
typically  within  the  range 
of  40  -  60  A 
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Figure  3.  Optical  wave  guide 
hierarchically  assembled  on  the  photonic 
and  meso  length  scales 


form  meso  structured  fibers,  one  obtains  well  defined  domains 
of  helical  pores  near  the  capillary  walls  with  straight  channels 
parallel  to  capillary  walls  at  the  center  of  the  fiber[  1 6].  The 
fibers  can  be  made  hollow  core,  or  with  high-refractive-index 
coatings. 

Waveguiding  structures  can  also  be  prepared  by  patterning 
surfactant/silica  precursor  solution  onto  a  low-refractive- 
index  mesoporous  silica  thin-film  support  using  soft- 
lithography  methods,  via  confined  space  micromolding 
(MIMIC)[9].  This  results  in  high-quality  mesostructured  line 
patterns  (50  nm  to  10  pm)  with  superior  waveguiding 
properties  (Figure  3). 


Figure  4.  Hollow  silica  fiber  with  high  surface  area  helical  mesoporous  ring  structure^]. 


Fiber  morphologies  are  of  interest  for  optical  applications  as 
waveguides  and  sensors.  Among  the  first  such  structures 
synthesized  were  those  either  grown  from  a  two-phase  oil- 
water  interface^]  or  prepared  by  drawing  a  gel  strand  from  a 
highly  viscous  amphiphilic  block-copolymer/silica  precursor 
solution[14].  The  fibers  have  been  shown  to  have  superior 
optical  transmission  properties!  15]  anci  high  degrees  of 
mesoscopic  ordering. 

The  fibers  grown  from  an  oil-water  interface!  15]  have  unusual 
anisotropic  structures!  1],.  They  can  be  made  as  hollow  core 
fibers  with  ring-like  cross-sections  near  the  fiber  surface  that 
reflects  the  helical  mesopore  structure.  The  mesopore  rings 
can  penetrate  radially  far  into,  even  completely  through,  the 
fiber  to  give  a  solid  structure.  The  mesopores  themselves  are 
helical  with  a  small  translational  component  and  highly 
ordered  so  that  the  normal  {100}  directions  of  the  helices  are 
also  normal  to  the  cylinder  walls.  This  apparently  reduces  the 
surface  energy  that  would  result  if  they  were  simply  straight 
and  parallel  to  the  fiber  edges!  1].  By  using  a  capillary  mold  to 


3.  Optical  functionalization 

As-synthesized  mesostructured  materials,  i.e.,  materials  in 
which  the  structure-directing  surfactants/block  copolymers 
remain  an  integral  part  of  the  final  material,  have  recently  been 
developed  as  hosts  for  the  incorporation  of  opto-electronic 
guest  molecular  species,  including  organic  dyes[17-19].  For 
amorphous  sol-gel  glasses,  low-temperature  dye  doping  was 
reported  nearly  two  decades  ago  and  on-going  research  has  led 
to  the  introduction  of  doped  sol-gel  glasses  into  the 
commercial  optical  materials  market.  However,  as  we  outline 
below,  simultaneous  silica/block-copolymer/dye  co-assembly 
can  produce  materials  with  substantially  improved  optical  and 
other  material  properties.  For  example,  when  amphiphilic 
(PEO-PPO-PEO)  triblock  copolymers  are  used  to  organize  a 
polymerizing  silica  sol-gel  system,  structurally  ordered 
silica/copolymer  arrays  result  with  uniform  adjustable 
ordering  length  scales  of  ~4-20  nm.  Such  mesostructured 
materials  possess  nanoscale  hydrophobic/hydrophilic  regions 
and  different  local  environments  that  are  available  to  dye 
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species  incorporated  during  synthesis.  Such  mesostructured 
block-copolymer/silica  materials  are  composed  of 
hydrophobic  PPO  block  domains,  hydrophilic  PEO  block 
domains,  and  the  silica  wall,  with  some  extension  of  the 
hydrophilic  PEO  block  into  the  silica  wall.  [20]  The  occlusion 
of  a  dye  or  capped  quantum  dot  into  preferentially  one  or 
maybe  more  of  these  regions  is  determined  by 
physicochemical  interactions,  such  as  electrostatic  forces, 
hydrogen  bonding,  and  dispersion  forces,  and  influenced  by 
kinetic  processes  including  competing  assembly  processes, 
silica  polymerization,  and  mass  transport. 

Our  initial  studies  have  shown  that  for  solid  state/organic  dye 
lasing,  the  mesostructured  materials  that  we  have  made  have 
stability  and  robustness  (thermal,  mechanical  and  optical), 
processibility,  and  low  thresholds  (0.2  kW-cm'2)  for  optically 
induced  lasing[21].  Such  threshold  figures  are  comparable  to 
those  of  the  best  known  organic-  or  polymer-based  solid-state 
lasing  systems.  Along  with  their  large  organic/inorganic 
surface  areas  (to  1000  m2/gm  or  greater),  which  can  be  made 
selectively  accessible  through  their  monodispersed  pore  or 
pore/cage  structures,  their  functionality  and  high  degrees  of 
orientational  ordering[5,  17,  22,  23]  make  them  attractive  as 
possible  hybrid  inorganic/organic  opto-electronic 
components.  The  aligned  3D  organization  and  packaging  of 
optically  responsive  organic  phases  is  desirable  for  nonlinear 
optic  applications,  photovoltaics,  sensors,  and  electro-optic 
modulation. 

We  have  recently  made  significant  progress  in  developing 
different  processing  strategies  to  achieve  lasing  using  such 
mesostructured  materials.  One  way  is  to  pattern  waveguide 
structures  onto  surfaces  by  using  soft  lithography 
methods[17].  This  results  in  high-quality  mesostructured  line 
patterns  that  can  be  produced  within  hours  (3-12  h).  When  the 
P123  is  used  as  the  PEO-PPO-PEO  structure-directing  block 
copolymer,  the  channels  of  the  hexagonal  p6wwmesostructure 
are  preferentially  aligned  parallel  to  the  substrate  and  also 
along  the  direction  of  the  capillary  channels,  giving  fifth- 
order  Bragg  diffraction  peaks.  One  of  the  laser  dyes  that  we 
have  used  is  rhodamine  R6G,  a  member  of  the  xanthene  family 
for  which  the  monomer-dimer-trimer  equilibria  are  known, 
both  in  solution  and  when  occluded  in  sol-gel  glasses.  When 
the  R6G  dye  species  in  these  waveguides  are  optically  excited 
with  second  harmonic  light  from  a  Nd:  YAG  laser  (532  nm,  10 


Hz),  the  system  exhibits  amplified  spontaneous  emission 
(ASE).  Above  a  critical  threshold  excitation  power,  this 
results  in  a  gain-narrowing  and  super-linear  output  behavior, 
yielding  a  spectrum  with  a  FWHM  of  7-8  nm;  approximately 
60  nm  of  the  photoluminescence  spectra  is  generated  below 
the  threshold  excitation  power.  Since  this  process  does  not 
provide  any  feedback,  the  light  emitted  at  the  end  of  the 
waveguides  is  usually  not  spatially  and  temporally  coherent 
(referred  to  as  “mirrorless  lasing”).  The  threshold  for  ASE  in 
these  waveguides  depends  on  the  dye  concentration,  and  we 
have  thus  far  achieved  thresholds  as  low  as  ~6-8  kW-cm'2  at  a 
dye  concentration  of  1.5  wt%.  In  contrast,  the  threshold  for 
sol-gel  glasses  having  the  same  dye  content,  but  prepared 
without  block  copolymer,  is  more  than  an  order  of  magnitude 
higher  (>  200  kW-cm'2). 

Significantly,  for  all  concentrations  investigated,  the 
quantum  efficiencies  of  the  mesostructured  materials  are 
higher  by  an  order  of  magnitude  or  more  than  those  of  the  dye- 
doped  sol-gel  glasses[24].  These  results,  along  with  the 
UV/Vis  spectra,  indicate  that  the  R6G  dye  molecules  are  much 
better  isolated  and  can  be  loaded  at  corresponding  higher 
concentrations  within  the  mesostructured  PEO-PPO-PEO/silica 
composites.  Higher  quantum  efficiencies  are  generally 
obtained,  which  accounts  for  the  significantly  lower 
thresholds  for  lasing. 

We  have  determined  in  other  ways  that  mesostructured 
silica/block-copolymer  composites  are  well  suited  for  lasing 
applications^  1].  For  example,  feedback  can  be  introduced  by 
applying  a  metal  coating  to  the  ends  of  the  waveguides.  We 
have  organized  by  molecular  assembly  other  kinds  of 
structures,  which  provide  feedback  and  which  is  expected  to 
also  be  important  for  direct  use  in  optical  and  particularly 
sensor  devices. 

In  one  approach,  a  “micro-ring  or  p-ring”  laser  design  was 
obtained  by  coating  optical  fibers  (40-125  pm  diameter),  first 
with  a  mesoporous  thin  film  by  dip-coating,  followed  by 
calcination[21].  Similarly  to  the  multilayer  waveguiding 
structure  described  above,  the  thin  mesoporous  film  acts  as  a 
low-refractive-index  support.  In  a  further  step,  the  lasing  layer 
is  then  dip-coated  on  this  support.  When  optically  excited,  a 
fraction  of  the  emitted  light  is  confined  to  the  outer  layer  and 
travels  around  the  p-ring.  At  a  certain  threshold  of  the 
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pumping  energy,  the  gain  becomes  greater  than  the  loss  and 
lasing  is  observed  at  the  frequencies  determined  by  the 
diameter  of  the  optical  fiber  and  the  refractive  index  of  the 
lasing  layer.  Preliminary  studies  of  the  modes  show  that  they 
are  further  modulated  by  whispering  gallery  modes,  which  are 
modes  traveling  near  the  outer  surface  of  the  dye-doped  layer 
that  do  not  reach  the  mesoporous  film/mesostructured  film 
interface[25].  The  threshold  for  lasing  in  these  p-ring 
configurations  can  be  as  low  as  ~0.3  kW-cm'2  for  a  40- pm  fiber 
(Figure  5).  We  note  that  these  values  compare  well  with 


nm 


Figure  5.  Microring  lasing  spectrum  for  40  fim- 
diameter  fiber.  Threshold  ~  0.3  kW/cm2 

semiconducting  polymers,  for  which  thresholds  of  ~0. 1-0.5 
kW-cm"2  have  been  measured  for  the  best  compounds  after 
nearly  a  decade  of  optimization.  In  short,  the  initial 
experiments  that  we  have  carried  out  are  already  approaching 
the  currently  lowest  threshold  limits  known  for  organic  lasing 
materials.  We  expect  to  push  the  limits  to  lower  lasing 
thresholds  by  selection  and  adjustment  of  dye/block- 
copolymer/inorganic  compositions  and  local  structures.  This 
will  be  combined  with  processing  improvements,  including 
use  of  smaller  solid  and  hollow  fibers  in  order  to  achieve 
single-mode  operation  and  orientational  ordering  of  dye 
species  to  further  reduce  the  threshold.  In  addition,  we  are 
investigaing  the  use  of  high  concentrations  of  semiconductor 
quantum  dots  to  achieve  lasing. 

It  would  be  desirable  to  obtain  coherent  beam  patterns  not 
found  in  microcavity  ring  lasers,  which  emit  in  all  directions. 
We  have  therefore  extended  our  processing  of  optical 
mesostructured  materials  in  conjunction  with  soft  lithography 
techniques  to  fabricate  distributed  feedback  lasers  (DFB).  In 
this  context,  we  have  recently  successfully  fabricated  Bragg 
gratings,  effectively  a  one-dimensional  photonic  lattice,  on 


top  of  waveguide  structures  to  provide  the  feedback  necessary 
for  DFB.  A  promising  example  of  such  a  mesostructured  DFB 
composite  is  shown  in  Figure  6  and  has  been  demonstrated  to 
lase  with  two  to  three  modes[26].  This  is  an  important  step 
toward  the  molecular  assembly  of  integrated  optical  circuits 
and  a  key  component  of  the  proposed  research. 

We  have  found  that  the  features  described  above  make  these 
materials  excellent  candidates  for  optical  thin-film  or  fiber 
sensors.  Formerly,  sensing  based  on  optical  detection  has 
been  implemented  in  sol-gel  glasses.  Typically,  these  sensors 
are  operated  by  measuring  the  transmission,  emission,  or 
lifetime  of  a  complex  or  an  organic  dye  embedded  in  a  SiC>2 
matrix.  The 
response  is 
altered 
through 
diffusion  of 
the 

molecule  to 
be  sensed 
into  the 

matrix 
towards  the 
sensing 
dye/comple 

X.  Two  Figure  6.  AFM  of  mesostructured  Bragg 

grating  on  DFB  laser 

important 

tasks  in  developing  such  a  sensor  are  the  occlusion  of  the 
dye/complex  (physical  occlusion  versus  covalent  anchoring) 
and  the  diffusion  times,  which  are  determined  by  the  glass 
micro  structure.  The  first  feature  is  important  to  leaching  and 
hence  to  reliable  long-term  operation;  the  second  determines 
the  response  times.  In  principle,  the  requirements  of  fast 
response  and  negligible  leaching  can  be  fulfilled 
advantageously  in  large-pore  mesoporous  materials  by 
covalently  anchoring  an  optically  sensitive  dye  during 
synthesis  followed  by  removal  (e.g.  by  low  temperature 
solvent  extraction)  of  the  block-copolymer  species. 

Based  on  these  considerations,  we  are  developing  a  number  of 
optical  sensors  for  pH,  small-molecule,  and  biomolecular 
applications.  We  have  been  able  to  demonstrate,  for 
example[27],  the  synthesis  of  an  optical  thin-film  pH  sensor 
with  a  fast  response  time.  The  pH-sensitive  dye 
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fluoresceinisothiocyanate  was  derivatized  with  3-amino- 
propyltriethoxysilane.  This  functionalization  ensures  that  the 
dye  is  covalently  anchored  onto  (or  within)  the  Si02  wall 
during  mesostructure  synthesis.  After  thin-film  synthesis 
employing  the  block  copolymer  F127,  the  -900  nm  thick 
films  were  dried  at  about  70  °C  to  enhance  their  robustness. 

The  sensor  functions  according  to  the  intensity  of  emitted 
light  associated  with  the  anchored  dye  species.  A  plot  of  the 
emission  spectra  upon  bringing  the  thin  film  into  contact  with 
solutions  of  different  pH  values  is  very  similar  to  what  is 
observed  for  fluorescein  in  solution:  the  integrated  light 
emission  increases  with  increasing  pH.  A  typical  plot  of  the 
emitted  light  intensity  versus  pH  clearly  demonstrates  that  the 
thin-film  sensors  act  analogously  to  the  dye  in  solution, 
except  that  the  pKa  value  is  shifted  from  6.4  in  solution  to 
-7.3  in  the  thin  films.  In  comparison  to  what  is  observed  in 
solution,  a  broadening  of  the  titration  curve  is  evident.  This  is 
attributed  to  two  factors.  First,  an  inhomogeneous  dye 
environment  may  contribute  to  this  broadening.  Second, 
fluorescein  possesses  three  pKa  values  (2.08,  4.31,  6.43), 
which  are  difficult  to  distinguish,  even  in  solution.  The 
response  times  of  the  thin  films  are  on  the  order  of  7  seconds 
for  a  95%  change  in  the  emitted  light  intensity  (Figure  7). 
Generally,  in  sol-gel  glasses  the  response  times  are  much 
slower,  the  only  exception  being  small  capillaries  coated  with 
sol-gel  glasses[28].  This  clearly  demonstrates  that  these 
mesoporous,  highly  ordered,  transparent,  mechanically  robust 
thin  films  are  well  suited  for  fast-response  optical  sensors.  In 
this  research  we  will  extend  our  previous  studies  to  ion 
sensors  for  bio-detection,  small-molecule  gaseous  detection, 
and  larger-molecule  detection  related  to  bio-sensing. 

To  evaluate  and  improve  the  performance  of  these  materials  as 
sensors,  it  is  necessary  to  understand  the  origins  of  their 
sensitivity  and  response  efficiency.  Crucial  factors 
influencing  these  properties  are  the  local  environments  of  the 
sensing  species,  the  diffusivities  of  the  target  agents  to  the 
sensing  sites,  and  the  interactions  between  the  target/sensing 
species  themselves.  For  example,  we  have  observed  in 
preliminary  measurements  that  the  presence  of  the  surfactant 
significantly  lowers  the  diffusion  of  gas  molecules,  such  as  02, 
towards  sensing  complexes,  such  as  trisbipyridylruthenium. 
In  contrast,  fast  response  times  are  observed  in  dye- 
functionalized  mesoporous  thin  films,  consistent  with  the 
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Figure  7.  Time-  and  pH-dependent 
photo-luminescent  response  of  a 
fluorescein-doped  mesoporous  thin  film 
upon  a  change  in  solution  pH. 

reduced  transport  resistances  experienced  by  diffusing  target 
species  in  open  pores  to  the  active  sensing  sites. 

The  use  of  photochromic  dyes,  such  as  spiropyrans  and 
spiroxazines,  to  induce  optical  switching  through 
photoisomerism,  is  another  excellent  means  of  introducing 
sensing  properties  to  SBA  (Santa  Barbara)  mesostructured 
materials.  They  are  sensitive  probes  of  their  local 
environments  and  can  be  used  to  assess  the  presence  of  co¬ 
adsorbed  guest  species.  We  have  recently  demonstrated  that 
spiroxazines  have  particularly  fast  response  times,  which  are 
comparable  to  those  in  solution  and  are  stable  over  many 
months[29]  (Figure  11).  We  believe  that  a  promising  approach 
to  achieving  substantial  sensitivity  enhancements  for 
chemical  sensing  in  these  mesostructured  sensor  systems  is  to 
exploit  the  extraordinary  signal  amplification  that  can  occur 
under  conditions  of  lasing  and/or  amplified  spontaneous 
emission. 

4.  Conclusions 

The  projects  described  in  this  paper  target  understanding  the 
molecular  synthesis  and  3D  organization  needed  to 
structurally  integrate  hierarchical  assembly  with  interacting 
electro-optic  functionalities.  The  ultimate  goal  is  the  creation 
of  opto-electronic  communication  and  environmental 
response  capabilities  incorporated  in  a  system  on  nano 
through  micron  length  scales. 
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Abstract 

The  dendritic  architecture  allows  for  the  control  of  novel  optical 
properties.  Ultra-fast  excited  state  dynamics  of  organic  dendrimers 
have  been  studied  with  both  polarized  and  depolarized 
femtosecond  fluorescence  spectroscopy.  The  dynamics  of  novel 
dendrimer-metal  nanocomposite  systems  is  also  discussed  as  well 
as  strong  optical  limiting  behavior  in  these  and  other  related 
systems.  The  inclusion  of  these  materials  in  all  optical  signal 
processing  by  fiber  optical  design  is  also  discussed. 

Keywords 

Dendrimer,  quantum  optics,  optical  fiber,  nonlinear  optics, 
telecommunications. 

1.  Introduction 

As  the  search  for  better  optical  materials  for  photonic  and 
telecommunication  applications  researchers  have  given  an 
increasing  amount  of  attention  to  the  study  of  dendrimers, 
which  are  highly  branched  macromolecular  systems.1' 
Along  with  the  synthesis  and  chemical  properties,  the 
photo-physics  of  these  systems  is  attracting  rising  interest  in 
connection  with  their  applications  as  artificial  antenna 
systems.  ’  However,  the  nature  of  electronic  excitations 
and  specific  mechanisms  of  intramolecular  energy  transport 
in  dendrimers  are  not  well  understood.3  In  the  A-DSB 
system  the  nitrogen  branching  centers6  can  cause  a 
disruption  of  Jt-electron  conjugation  of  linear  building 
blocks.  In  this  case  the  optical  excitation  creates  the 
electron-hole  pairs  localized  on  small  segments.3,6"14 
However,  these  localized  electron-hole  pairs  can  contribute 
either  to  collective  optical  excitations  (excitons)3  or  to  the 
incoherent  hopping6,rdue  to  inter-segment  interactions.  The 
goal  of  our  research  is  to  identify  the  mechanism  of  energy 
transfer  and  intermolecular  interactions  in  these  systems  to 
find  superior  candidates  for  materials  to  be  incorporated  in 
to  optical  fibers  for  all  optical  applications. 

2.  Experimental  Methods 

The  structure  of  the  nitrogen-cored  distyrylbenzene-stilbene 
(A-DSB)  and  the  second  generation  dendrimer  is  shown  in 
Fig- 1  •  The  linear  absorption  spectrum  shows  two  prominent 
features  with  maxima  at  410  nm  and  320  nm.  Synthesis  and 
spectroscopic  features  of  all  the  structures  have  been 
described  elsewhere.6,14  Solutions  in  chloroform  were  used 
in  this  study.  Femtosecond  upconversion  spectroscopy  was 
employed  to  resolve  temporally  the  polarized  fluorescence. 
Optical  arrangement  for  the  upconversion  experiments  has 
been  described  previously.6"9,13"15  The  laser  had  an  average 


pulse  width  of  100  fs  tuned  at  790-860  nm  and  a  repetition 
rate  of  82  MHz. 


the  optical  investigations.15 

3.  Results 

The  fluorescence  isotropic  decay  of  A-DSB  on  the  pico¬ 
second  time  scale  was  found  to  be  non-exponential  and 
dependent  on  the  emission  wavelength  (Fig.  2).  The  effect 
of  fluorescence  rise-time  is  clearly  detected  in  the  "red" 
regions  of  the  fluorescence  spectrum.  This  fluorescence 
time-behavior  can  be  assigned  either  to  intra-molecular 
interactions  in  the  dendrimer  (excimer  formation,  energy 
transfer)  or  to  local  relaxation  processes  in  the 
chromophore  (conformational  changes,  solvent 
rearrangement).15 


Figure  2:  Time  resolved  fluores^fUfetBfthe  organic  dendrimers  (A- 
DSB)  in  solution  at  room  temperature.  The  rise  time  in  G2  gives  the 
energy  transfer  time.15 


The  decay  curves  in  Fig.  2  have  been  normalized  by  the 
peak  absorption  of  the  dendrimer  core  at  420nm.  It  is 
clearly  seen  from  Fig.  2  that  the  fluorescence  dynamics  of 
G2  differ  from  those  of  GO  when  fluorescence  is  excited  at 
385nm.  Additional  rise-time  component  in  G2-dynamics 
can  be  attributed  to  the  dendrons-to-core  energy  transfer 
process.15 
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To  gain  a  further  insight  into  energy  transfer  (energy 
migration)  processes  in  A-DSB  dendrimer  molecules  we 
investigated  the  fluorescence  anisotropy  dynamics  in  GO  and 
G2.6’15  The  result  for  G2  is  shown  in  Fig.  3.  The  Fluorescence 
anisotropy  r(t)  was  calculated  from  the  decay  curves  for  the 
intensities  of  fluorescence  polarized  parallel  Ipar(t)  and 
perpendicularly  Iper(t)  to  the  polarization  of  the  excitation  light.  It 


Figure  3:  Anisotropy  decay  of  A-DSB  dendrimer  at  room 
temperature  in  solution.6,15 

is  clearly  seen  in  Fig.3  that  the  fluorescence  anisotropy  (FA)  of  A- 
DSB  decays  to  a  value  close  to  zero  in  less  than  200fs  after 
excitation.  The  initial  spike  at  about  zero  delay  is  comparable  in 
duration  with  the  time  resolution  of  our  system.  Best  fit  of  a 
difference  signal  with  convolution  with  IRF  gave  the  anisotropy 
decay  time  of  .57±7fs.  The  dendrimer  core  (GO)  is  a  star-like 
molecule  consisting  of  three  DSB  -segments  bonded  to  a  central 
nitrogen  atom.  The  interaction  between  branches  could  lead  either 
to  the  formation  of  coherent  excitonic  states10  or  hopping-type11 
relaxation  of  excitations  localized  on  one  DSB-branch. 


Time  [fs] 

,  9-11 

Figure  4:  Dynamics  of  Dendrimer  metal  nanocomposites.  ' 


The  dynamics  of  novel  dendrimer  nanocomposites  systems  have 
also  been  investigated.  The  PAMAM  dendrimer  with  silver  and 
gold  transition  metals  have  been  investigated  using  time-resolve 
luminescence  and  the  result  for  gold  internal  nanocomposite 
structure  is  shown  in  figure  4.  The  isotropic  fluorescence  decay 
was  found  to  be  much  slower  than  the  depolarization  rate.  The 
proposed  mechanism  of  the  emission  decay  is  due  to  electron- 
electron  and  electron-surface  scattering  processes.  We  found  that 
the  emission  decay  was  shorter  than  the  relaxation  associated  with 
the  phonon  coupling  process  (~1  ps)9.  Thus,  electron-phonon 


scattering  is  not  likely  to  contribute  the  emission  decay  we 
observed  for  these  novel  metal  dendrimer  nano-composites.911. 

With  the  novel  optical  properties  of  dendrimers  as  discussed 
above  we  have  begun  the  fabrication  of  these  structures  in  to 
novel  fiber  optical  devices.  The  substantial  increase  in  optical 
path  length  would  suggest  that  the  strong  excitonic  coupling  could 
be  extended  over  longer  distances  and  consequently  result  in 
enhanced  nonlinear  optical  as  well  as  quantum  optical  effects. 
This  type  of  architecture  has  also  been  used  for  the  fabrication  of 
electro-optical  devices  where  impressive  optical  nonlinearities 
have  been  observed. 

3.1  Conclusions 

In  conclusion  organic  dendrimers  are  strong  candidates  for 
new  optical  devices  involving  photonics  and  all  optical 
communication  applications.  From  the  fast  fluorescence 
depolarization  results  (within  200fs  was  found  for  A-DSB 
dendrimer)  we  have  shown  that  the  multi-chromophore 
architecture  of  these  systems  .  These  results  demonstrate  the 
ultra-fast  transition  dipole  reorientation  due  to  inter¬ 
segment  interactions  in  dendrimer.  The  ultra-fast 
measurements  with  a  novel  dendrimer  metal  nanocomposite 
showed  fast  fluorescence  decay  related  to  the  interaction  of 
the  PAMAM  dendrimer  and  the  metal  centers. 
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Abstract 

Aligned  carbon  nanotubes  have  been  made  by  plasma 
enhanced  chemical  vapor  deposition.  Based  on  the 
technique  used  to  prepare  the  catalyst  dots,  aligned  arrays 
of  carbon  nanotubes  could  be  made  either  without  or  with 
periodicity.  In  this  paper,  we  report  the  development  of 
carbon  nanotubes  arrays  both  without  and  with  periodicity 
using  cheap  and  scalable  technologies.  The  periodic  arrays 
show  very  interesting  optical  properties. 

Keywords 

Carbon  nanotubes;  alignment;  plasma  enhanced  chemical 
vapor  deposition;  photonic  crystal;  honeycomb  arrays. 

1.  Introduction 

Large  arrays  of  well- aligned  carbon  nanotubes  are  first 
made  possible  on  substrates  in  1998  by  plasma  enhanced 
chemical  deposition  (PECVD)  [1,2]  in  which  the  diameter 
and  length  of  each  carbon  nanotube  are  under  control,  but 
not  the  growth  angle,  location,  nor  the  spacing  between 
them.  Soon  after,  the  titled  growth  has  been  achieved  by 
controlling  the  plasma  direction  using  the  same  growth 
technique  [3].  Almost  at  the  same  time,  the  control  of 
location  and  spacing  of  the  nanotubes  have  been 
accomplished  using  electron  beam  (e-beam)  lithography  to 
pattern  the  nickel  dots  first  at  where  they  are  needed  and 
then  to  grow  the  carbon  nanotubes  using  the  same  growth 
technique  [4,5].  However,  e-beam  is  not  possible  to  be 
commercialized  for  large  scale.  Therefore,  alternative 
cheap  and  scalable  technique  is  sought.  Fortunately,  the 
catalytic  dots  have  been  fabricated  by  electrochemistry  and 
excellent  aligned  carbon  nanotubes  arrays  have  been  grown 
[6].  Due  to  the  nature  of  electrochemistry,  the  control  on 
location  of  each  nanotube  is  lacking.  For  applications  that 
do  not  require  the  pre-determined  location  of  each  nanotube 
such  as  regular  electron  source,  the  arrays  grown  using  the 
dots  by  electrochemistry  is  good  enough.  However,  for 
applications  that  do  require  the  pre-determined  location  of 
each  nanotube  such  as  microscopic  probing  tips, 
nanophotonics,  etc.,  the  control  of  location  of  each 
nanotube  is  crucial.  Recently,  we  have  been  successful  to 
grow  large  arrays  of  carbon  nanotubes  with  diameter, 
length,  location,  and  spacing  under  control  by  a  simple  and 
scalable  technique,  nanosphere  lithography  [7,  8].  Since  the 
very  first  report  on  large  arrays  of  well-aligned  carbon 
nanotubes,  numerous  papers  have  used  the  same  or  a 
slightly  modified  technique  to  grow  aligned  carbon 
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nanotube  arrays  by  either  DC  or  microvave  plasma  CVD 
[9-19]. 

2.  Experimental 

The  catalytic  dots  have  been  prepared  by  four  techniques: 
magnetron  sputtering,  e-beam  lithography,  pulse  current 
electrochemistry,  and  nanosphere  lithography.  The  growth 
was  accomplished  by  PECVD.  The  gases  used  are 
acetylene  and  ammonia  that  provides  the  carbon  source  and 
catalytic  effect  respectively.  Scanning  electron  microscope 
(SEM)  and  transmission  electron  microscope  (TEM)  were 
used  to  characterize  the  arrays. 

3.  Results 

3.1  Aligned  growth  of  carbon  nanotubes  on 
sputtered  Ni  films 

Fig.  1  shows  the  SEM  images  of  the  arrays  of  carbon 
nanotubes  grown  on  glass  substrates  by  plasma  enhanced 
chemical  vapor  deposition  [1].  They  clearly  show  the 
excellent  alignment  with  the  glass  substrate.  In  order  to 
measure  the  alignment,  diameter,  and  length  of  the  carbon 
nanotubes,  part  of  the  sample  was  scraped  as  shown.  For 
this  particular  sample,  the  tubes  are  about  20  pm  long.  For 
diameter  estimate,  higher  magnification  SEM  exam  was 
carried  out. 


Figure  1.  SEM  images  of  aligned  carbon 
nanotubes.  A)  low  magnification  to  show  the 
alignment  over  large  area,  B)  medium 
magnification  to  show  the  length  of  the  nanotubes^ 

Fig.  2  shows  SEM  images  of  the  aligned  carbon  nanotube 
arrays  in  higher  magnifications.  Clearly,  nanotubes  with 
different  diameters  have  been  produced.  The  diameters  are 
controlled  by  the  thickness  of  the  catalytic  Ni  layer:  the 
thinner  the  Ni,  the  smaller  the  nanotubes.  For  a  thickness  of 
15  nm,  nanotubes  are  about  50  nm  in  diameter  as  shown  in 
Fig.  2A,  whereas  a  40  nm  thick  Ni  yielded  nanotubes  of 
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about  250  nm  in  diameter  as  shown  in  Fig.  2B.  Further 
reduction  of  Ni  thickness  has  yielded  nanotubes  with 
diameters  in  the  range  of  10  -  25  nm,  but  without  excellent 
alignment  if  the  length  is  more  than  a  few  fim. 


Figure  2.  SEM  images  of  carbon  nanotube  arrays 
grown  with  different  thickness  of  Ni  layers.  A)  15 
nm  thick  Ni.  B)  40  nm  thipk  Ni 


3.2  Aligned  growth  of  carbon  nanotubes  on  Ni 
dots  made  by  e-beam  lithography 

For  e-beam  lithography,  thin  film  nickel  (Ni)  patterns  were 
fabricated  on  a  p-type  boron  doped  (100)  silicon  substrate. 
Ni  layer  of  15  nm  was  deposited  by  thermal  evaporation. 
The  patterned  substrate  was  loaded  into  a  PECVD  system. 
The  growth  was  carried  out  at  the  similar  conditions  as 
above. 


Fig.  3  is  a  series  of  SEM  micrographs  showing  the  growth 
of  single  multiwall  carbon  nanotubes  on  each  dot  of  an 
array  of -100  nm  nickel  dots.  Figures  2a,  2c,  2e,  and  2f 
were  taken  at  an  inclined  angle,  and  Figures  2b  and  2d  are 
top  views  taken  normal  to  the  substrate.  Figures  2a  and  2b 
demonstrate  selective  growth  of  the  carbon  structures  on 
the  multiply  repeated  array  patterns.  The  grown  structures 
accurately  reflect  the  spacing  and  periodicity  of  the 
lithographically  patterned  Ni  dots.  Figures  2c  and  2d  were 
taken  at  a  higher  magnification  and  show  the  repeated  array 
pattern  where  the  nanotubes  are  spaced  either  2  pm  apart 
(left)  or  1  pm  apart  (right).  Significant  variation  in  the 
height  (0. 1  to  5  pm)  of  the  grown  bundles  is  observed,  with 
no  apparent  relationship  between  height  and  spatial 
position.  We  note  that  even  though  the  heights  are  different 
by  more  than  a  factor  of  10,  the  base  diameters  are 
approximately  uniform  (—  150  nm).  Figure  2f  shows  the 
growth  on  a  grid  of  Ni  dots  spaced  5  pm  apart,  indicating 
little  dependence  of  growth  on  spacing  (for  spacings  >  1 
pm).  The  reason  for  such  aligned  growth  of  single  carbon 
nanotubes  in  our  system  is  due  to  the  plasma,  which  is  also 
used  widely  by  others  since  our  initial  report  [1], 

Soon  after,  we  were  successful  on  obtaining  patterns  with 
more  uniform  length  as  shown  in  Fig.  4.  Each  nanotube  has 
a  sharp  tip  with  radius  of  about  2-3  nm  that  may  be  very 
useful  for  high  current  field  emission  applications. 
Unfortunately,  the  nice  patterns  grown  using  e-beam 
lithography  is  only  good  for  concept  proving.  In  the  next, 
we  present  a  cheap  way  for  fabricating  arrays  with  spacing, 
but  not  location,  controlled:  electrochemistry. 
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Figure  3.  A  series  of  SEM  micrographs 

from  different  viewing  angles  showing  growth  of 
carbon  nanotube  obelisks  on  an  array  of 
submicron  nickel  dots,  (a)  An  inclined  view  of  a 
repeated  array  pattern,  (b)  A  top  (normal)  view  of 
a  repeated  array  pattern,  (c)  An  inclined  view  of 
one  array  pattern,  (d)  A  top  (normal)  view  of  one 
array  pattern.  The  initial  Ni  dots  (and 
subsequently  the  grown  carbon  structures)  are 
spaced  either  2  pm  apart  (left)  or  1  pm  apart 
(right),  (e)  A  magnified  view  along  the  edge  of  one 
pattern.  A  sharp,  tapered  tip  is  evident,  (f)  An 
inclined  view  of  carbon  obelisks  grown  on  nickel 
dots  separated  by  5  pm. 


Figure  4.  SEM  and  TEM  images  of  carbon 
nanotube  arrays. 
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3.3.  Growth  of  aligned  carbon  nanotubes  with 
spacing  controlled  by  electrochemistry 
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Figure  5.  SEM  images  of  Ni  nanoparticles 
deposited  electrochemically  with  site  density  of  (a) 
7.5x10s  cm  2,  (b)  2x10*  cm'2,  (c)  2xl07  cm  2,  and  (d) 
3xl08  cm'2. _ _ _ 

Fig.  5  shows  the  different  nucleation  site  densities  of  the  Ni 
nanoparticles  from  about  7.5x10s  cm2  to  3xl08  cm2  by 
electrochemistry.  The  white  dots  shown  in  the  pictures 
were  the  Ni  nanoparticles  that  had  been  confirmed  by 
Energy  Dispersive  X-ray  Spectroscopy  (EDX).  Most 
particles  had  diameter  from  100  nm  to  200  nm  with  some 
nanoparticles  smaller  than  50  nm.  The  Ni  nanoparticles 
were  randomly  located  on  the  surface  of  the  substrate. 
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Figure  6.  SEM  images  of  aligned  CNTs  with  site 
density  of  (a)  7.5x10s  cm'2,  (b)  2xl06  cm'2,  (c) 
6xl06  cm*2,  (d)  2xl07  cm'2,  (e)  3xl08  cm'2,  and  (f)  a 
single  standing  CNT. _ __ 


Fig.  6  (a)  to  (e)  shows  the  different  site  densities  of  CNTs 
grown  from  the  electrodeposited  Ni  nanoparticles.  The 
CNTs  site  densities  of  the  samples  were  about  7.5x1 05, 
2.0x1 06,  6.0x1 06,  2.0xl07,  and  3xl08  cm-2,  respectively. 
Fig.  6  (f)  provides  a  closer  look  at  one  of  the  well-aligned 
CNTs. 

3.4.  Growth  of  aligned  carbon  nanotube  arrays 
with  periodicity 

Even  though  electrochemistry  provided  excellent  control  on 
site  density,  but  could  not  produce  Ni  dots  at  the  pre¬ 
determined  locations.  Fortunately,  we  have  developed 
another  technique,  nanosphere  lithography,  to  fulfill  the 
goal.  Fig.  7  shows  the  SEM  images  of  the  Ni  dots  made  by 
nanolithography.  Fig.  8  shows  the  nanotubes  made  from  the 
dots  shown  in  Fig.  7.  Surprisingly,  every  sample  is  colorful 
(shown  in  Fig.  9)  instead  of  being  black  as  those  without 
periodicity.  The  bright  reflection  of  red,  green,  and  blue 
light  was  recorded  at  three  different  angles  from  a  white 
incident  light,  which  demonstrates  that  such  an  array  can  be 
used  as  an  optical  filter. 
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In  addition  to  these  straightforward  diffraction  effects,  our 
arrays  of  nanotubes  can  act  also  as  2D  photonic  band  gap 
crystals.  It  has  been  shown  [20],  that  periodic  arrays  of 
structures  having  dielectric  constants  (ea)  different  from  the 
environment  (eb),  act  on  propagating  photons  not  only  by 
enforcing  the  Bragg  scattering  as  discussed  above,  but  also, 
in  a  complete  analogy  to  the  electron  propagation  in  atomic 
crystals,  lead  to  the  opening  of  energy  (frequency)  gaps  at 
the  Bragg  reflection  points,  i.e.  at  the  Brillouin  zone 
boundaries.  If  such  gaps  occur  at  all  propagation  directions 
of  the  photon  (or  electron),  an  absolute  gap  exists  in  the 
photonic  spectrum,  which  in  the  case  of  the  photonic 
crystal  leads  to  a  total  reflection  of  light  in  this  frequency 
band.  It  has  been  shown  [21 ,  22]  that  a  honeycomb  array  of 
rods,  with  large  dielectric  constant,  embedded  in  a  material 
with  low  dielectric  constant,  produces  photonic  band 
structure  with  absolute  gaps  at  low  fillings.  This  was  later 
confirmed  by  an  experiment  in  the  microwave  frequency 
range  [23]  in  a  perfect  agreement  with  the  theory.  It  was 
also  shown,  that  a  simple  size  scaling  (co  -  1/a)  holds  for 
the  gaps,  and  therefore  one  can  simply  rescale  the  results  of 
these  papers  to  systems  with  different  sizes,  such  as 
honeycomb  arrays  of  nanotubes. 

Even  though  our  nanotubes  have  dielectric  constant  that  is 
different  from  that  of  the  nanorods  considered  in  Refs.  21- 
23,  we  can  still  directly  employ  results  of  these  references 
to  our  arrays  of  nanotubes,  after  proper  dielectric  constants 
scaling.  First  we  note  that  in  the  theory  of  Refs.  22  and  23, 
all  the  relative  sizes  of  the  gaps  6j  «  |Aco/cOii  are 
approximately  proportional  to  the  Fourier  components  of 
the  perturbation  (dielectric  constant  inhomogeneity),  which 
in  turn,  for  a  system  with  ea  >  sb,  are  proportional  to  p  = 
l/eb  -  l/ea.  Therefore  we  find  that  5j  -  p.  Since  this  is  the 
only  dependency  on  ea  and  eb  in  the  gap  equations,  the 
results  for  various  gaps  obtained  in  Refs.  21  and  22  can  be 
simply  scaled  (by  using  p)  to  obtain  corresponding  results 
for  systems  with  different  dielectric  constants.  Using  this, 
we  immediately  show  that  the  honeycomb  array  of  our 
nanotubes  obtained  by  using  nanospheres  of  diameter 
0.5  pm,  should  act  as  a  2D  photonic  band  gap  crystal  with 
the  gap  at  the  radiation  wavelength  X  ~  0.5  pm.  Since  our 
metallic  nanotubes  have  £a  <  0  in  the  visible  frequency 
range  (their  plasma  frequency  is  at  6.5  eV),  this  yields  p  > 
1,  and  therefore  the  gap  size  is  expected  to  be  S2  >  15%. 
Note,  that  since  the  dielectric  constant  of  nanotubes  has 
also  an  imaginary  part  (losses),  the  gap  does  not  imply  a 
perfect  reflection.  The  experimental  effort  to  demonstrate 
the  photonic  band  gap  in  our  nanotube  arrays  is  in  progress. 

We  note,  that  the  nanotubes  can  be  coated  for  better  control 
of  the  photonic  crystal  parameters.  They  can  also  be  used 
as  structural  templates,  to  obtain  nonmetallic  photonic 
arrays,  including  nonmetallic  2D  band  gap  crystals. 

4.  Conclusions 

Well-aligned  carbon  nanotube  arrays  without  periodicity 
have  been  achieved  on  either  Ni  films  made  by  magnetron 
sputtering  or  Ni  dots  made  by  electrochemical  deposition, 
whereas  the  arrays  with  periodicity  have  been  realized  on 
either  Ni  dots  made  by  e-beam  lithography  or  on  Ni  dots 


made  by  nanosphere  lithography.  Obviously,  the 
electrochemical  deposition  is  much  better  than  magnetron 
sputtering,  and  the  nanosphere  lithography  is  much  better 
than  e-beam  lithography  in  the  sense  of  both  the  cost  and 
scalability.  The  large  periodic  arrays  not  only  reflect  and 
diffract  light  to  show  colors  but  also  potentially  is  excellent 
photonic  band  gap  crystals. 
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Abstract 

Atomic  layer  deposition  (ALD)  is  a  process  that  allows  deposition 
of  thin  films  in  a  highly  controllable  manner.  It  is  ideally  suited 
for  producing  conformal  films  with  single  atomic  layer  thickness 
control.  This  process  was  originally  developed  for  fabrication  of 
flat  panel  displays,  however  it  currently  used  for  a  wide  range  of 
applications  ranging  from  microelectronic  devices  to  optical 
coatings.  The  basic  ALD  process  is  first  described  below  and 
then  some  of  the  film  properties  produced  by  this  technique  are 
presented. 

Keywords 

ALD;  thin  films;  optical  coatings;  nanowires. 

1.  Introduction 

Atomic  layer  deposition  is  a  monolayer  stepwise  growth  process 
that  exploits  the  binding  energy  difference  between  chemisorption 
and  physical  adsorption  [1].  In  this  unique  technique,  self- 
limiting  growth  characteristic  is  due  to  the  strong  interaction 
between  the  initial  layer  of  atoms  or  molecules  of  a  reactive 
species  and  the  surface  leading  to  chemisorption.  All  subsequent 
layers  will  adhere  to  the  surface  less  strongly  (physisorbed).  For 
these  surface  reactions,  the  temperature  of  the  substrate  is  an 
important  controlling  parameter.  If  the  substrate  surface  is  heated 
sufficiently,  then  one  can  achieve  a  condition  such  that  only  the 
chemisorbed  layer  remains  attached  to  the  surface  and  the  rest  of 
the  physisorbed  layers  can  be  flushed  out  with  an  inert  gas. 
Hence  the  growth  proceeds  by  exposing  the  substrate  surface 
alternately  to  the  precursors  and  following  each  reaction,  the 
excess  (physisorbed)  species  are  removed  with  a  nitrogen  pulse. 
Therefore,  unlike  CVD,  in  ALD  the  precursors  are  introduced  to 
the  substrates  separately.  The  reactant  source  pulses  arc  separated 
by  pulses  of  an  inert  gas.  Under  properly  adjusted  experimental 
conditions  all  the  surface  reactions  are  saturated,  making  the 
growth  process  self  controlled.  As  a  result,  ALD  is  capable  of 
depositing  conformal  films  whose  thickness  can  be  determined 
accurately  by  the  number  of  deposition  cycles.  The  highly 
conformal  and  uniform  films  produced  has  led  to  application  off 
this  technique  for  coating  porous  alumina  membranes,  porous 
silicon,  and  powders  of  silicon  and  alumina  [2,3].  In  addition,  the 
separate  dosing  of  precursors  eliminates  detrimental  gas-phase 
reactions.  Also,  in  practice  it  has  been  observed  that  the 
temperatures  needed  for  depositing  films  by  ALD  are  lower  than 
those  required  by  other  methods  due  to  the  growth  process  driven 
by  surface  chemistry. 

The  source  for  the  reactant  atoms  or  molecules  in  this  process  can 
be  solid,  liquid  (with  relatively  high  vapor  pressure)  or  gas  phase. 
The  film  grows  stepwise,  i.e.,  a  single  monolayer  per  pulse, 


provided  that  at  least  one  complete  monolayer  coverage  of  an 
element  or  a  chemical  compound  is  formed  before  the  next  pulse 
is  allowed  to  react  with  the  surface.  Any  excess  incident  atoms  or 
molecules  on  the  film  will  not  stick  if  the  substrate  temperature 

and  the  chemistry  are  properly  chosen.  Therefore,  w'ith  proper 
optimization  of  the  deposition  parameters  a  self-limited,  saturated 
monolayer  coverage  is  obtained  per  cycle.  The  self-limited 
growth  distinguishes  ALD  from  other  vapor  phase  deposition 
techniques,  namely  MBE  and  CVD.  For  this  reason  the  name 
digital  epitaxy  has  also  been  used  to  describe  the  monolayer  per 
cycle  growth. 

The  film  thickness  is  expressed  in  terms  of  the  number  of  cycles 
employed.  Each  cycle  comprises  a  pulse  of  each  source  material. 
The  source  pulse  is  turned  off  for  a  sufficiently  long  time  (a 
fraction  of  a  second  to  several  seconds)  to  allow'  the  surface  to 
approach  thermodynamic  equilibrium  at  the  end  of  each  reaction. 
This  step  entirely  eliminates  fluid  dynamics  (e.g.,  gas  flow  rates) 
from  the  growth  process  and  allows  uniform  film  growth  over 
large  substrates.  To  illustrate  the  pulsing  sequence,  one  cycle  for 
deposition  of  aluminum  oxide  using  trimethyl  aluminum  (TMA) 
and  water  is  shown  in  Fig.  1 .  The  nitrogen  pulse  is  the  purge  gas. 

The  layer-at-a-  time  deposition  process  ensures  dense  and 
pinhole-free  films  w'ith  exceptional  thickness  uniformity,  even 
over  irregularly  shaped  surfaces.  The  deposition  of  thin  film 
covering  all  exposed  parts  of  any  three-dimensional  structure  is 
known  as  "conformal  film  growth."  In  addition,  attributes  related 
to  the  high-performance  process  characteristics  such  as  accurate 
and  simple  film  thickness  control,  sharp  interfaces,  uniformity 
over  large  areas,  good  reproducibility,  multiple  layer  processing 
capability  in  a  single  run,  and  high  film  qualities  can  be  achieved 
at  relatively  low  growth  temperatures. 
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Figure  1.  ALD  pulse  sequence  for  deposition  of  aluminum 
oxide 


2.  Applications  of  ALD 

2.1  Flat  panel  displays 

ALD  was  first  developed  in  Finland  by  Suntola’s  group  to 
fabricate  thin  film  electroluminescent  (TFEL)  flat  panel  displays 
[4].  These  displays  have  superior  performance  in  terms  of 
compact  size,  wide  viewing  angle,  good  image  quality  with  high 
contrast  and  resolution,  solid  state  ruggedness,  and  fast  response 
time  over  a  wide  temperature  range  in  comparison  to  the  widely 
used  liquid  crystal  based  flat  panel  displays.  Sizes  ranging  from 
giant  screens  to  miniaturized  active  matrix  head  mounted  EL 
displays  are  produced  for  both  commercial  and  high  performance 
military  applications  [5].  Full  color  displays  are  commercially 
available. 

2.2  Microelectronic  devices 
2.2.1  Dielectric  films 

Exponential  increase  in  the  performance  of  ICs  for  multi-GHz 
speed  devices  is  based  on  the  down-scaling  of  devices  and 
interconnects  along  with  new  chip  architectures  and  design 
methods.  Typical  feature  size  requirements  for  a  16  Gb  DRAM 
with  a  100  nm  poly-Si  gate  call  for  a  6  nm  thick  gate  oxide  and  a 
15  nm  thick  doped  source/drain  junction  [6].  Replacement  for 
gate  Si02  has  been  under  investigation  in  recent  years  as  this 
material  is  fast  approaching  its  thickness  limit  of  approximately 
2.5  nm  (about  10  atomic  layers)  for  sub  0.1pm  devices  at  which  a 
large  leakage  current  (1  A/cm2)  flows  across  the  dielectric 
exhibiting  direct  tunneling  effects. 

High  dielectric  constant  materials  like  (BaSr)Ti03,  Ta205,  HfD2, 
Zr02,  and  their  nano-laminate  (superlattice)  structures  have  been 
investigated  through  the  ALD  approach.  [7]  The  ALD  process  has 
produced  films  with  large  capacitances  across  the  gate  and  at  the 
same  time  reduced  the  tunneling  or  leakage  current  by  at  least  six 
orders  of  magnitude.  Electrical  properties  of  three  kinds  of  nano¬ 
laminates  and  their  Si02  equivalent  thickness  based  on  dielectric 
constants  are  summarized  in  table  1 . 


Table  1  Electrical  properties  of  ALD  nanolaminates  for 
gate  oxide  replacement  [7] 


Nanolaminate  Matl./ 
ALD  Growth  Cycles 


Equivalent  Dielectric  Leakage  Current 
Thickness  Constant(k)  Amperes/cm2 


Ta205-Hf02 
2x(16+16)  cycles 


Ta205-Zr02  _ 

2x(  16+ 16)  cycles  3.0  nm  13  4.2x10 


Zr02-HfD2 

2x(12+13)  cycles  3.2  nm  14  2.6x10 


The  accuracy  of  controlled  film  growth  on  the  atomic  level  using 
ALD  approach  allows  optimization  of  the  bulk  and  interfaces 
separately  in  nanoscale  dimensions  with  perfect  step  coverage  for 
ULSI  fabrication.  These  nanolaminates  are  grown  at  300  C  in  a 
single  pump  down  run  without  any  hydrogen  incorporation  in 
contrast  to  conventional  Si02  gate  oxides  that  require  post¬ 
deposition  heat  treatments.  An  additional  advantage  of  ALD 
processed  high  permittivity  dielectric  oxide  films  is  that  they  are 
very  effective  diffusion  barriers  against  gate  electrode  dopants 
such  as  boron,  phosphorus  or  arsenic.  The  leakage  current  and 
breakdown  voltages  of  the  nanolaminates  listed  in  table  1  are 
shown  in  Figures  2  and  3. 


2.2.2  Metallic  films 

ALD  has  also  been  utilized  to  produce  metallic  films  for 
microelectronic  device  interconnect  applications.  Interconnect 
technology  has  undergone  a  radical  shift  to  copper  metal  with  low 
dielectric  insulator  materials,  which  is  expected  to  reduce  signal 
delay  time  and  simultaneously  boost  device  speed  by  4  times  [8]. 
One  of  the  biggest  processing  challenges  is  in  the  metal  deposition 
step,  as  the  copper  must  fill  pre-deflned  sub- 100  nm  trenches  and  / 
or  vias  in  the  dielectric.  This  has  been  demonstrated,  as  shown  in 
Figure  4,  where  a  20  nm  thick  copper  film  has  been  conformably 

deposited  over  a  surface  with  high  aspect  ratio  trenches  [9]. 


Gate  Bias  (V) 


Figure  2.  Comparison  of  leakage  currents  of  SiON  and 
three  ALD  grown  nanolaminates 
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2.2.3  Optical  coatings  and  interference  filters 

Planar  Systems  has  been  actively  involved  in  developing  ALD  for 
thin  film  interference  filters  for  wavelength  division  multiplexing 
and  anti-reflective  coatings.  The  as-deposited  films  are  stress- 
free,  and  highly  stoichiometric.  Structurally,  the  films  are 
amorphous,  pin-hole  free  and  have  near  theoretical  film  density. 
The  refractive  index  across  8  inch  wafer  is  accurate  to  fifth 
decimal  point. 

2.2.4  Nanowires 

We  have  recently  employed  ALD  to  grow  nanowires  composed  of 
ZnSe/CdSe  superlattices.  Growth  of  the  nanowires  was  initiated 
using  gold  nanoparticles  and  vapor-  liquid-solid  mechanism. 


3.  Conclusion 

Atomic  layer  deposition  is  a  highly  versatile  technique  that  can  be 
used  for  deposition  of  a  wide  range  of  thin  films  with  one  atomic 
layer  precision.  This  techniques  is  relatively  new  and  its  full 
potential  is  yet  to  be  realized,  specially  with  regards  to  coating 
fiber  optics. 
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Figure  5.  SEM  view  of  a  ZnSe/CdSe  superlattice 
nanowire.  The  scale  bar  is  5  nm. 
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Abstract 


The  next  generation  of  photomultiplier  receivers  will  be 
miniaturized  for  direct  surface  mount  applications.  Vacuum 
photomultiplier  technology  remains  one  of  the  most  sensitive 
techniques  for  single  photon  detection  with  fast  response  time.  In 
this  paper  we  discuss  the  major  problems  confronting  and  review 
some  of  the  approaches  to  miniaturization  of  photomultiplier 
technology  for  compatibility  with  direct  surface  mount 
technology  to  enable  compact,  very  fast  detection  of  low  light 
level  signals.  Miniaturization  and  surface  mount  enables 
photomultipliers  to  become  more  compatible  with  fiber  coupling 
enabling  well-defined  short  circuit  runs  to  signal  processing 
circuitry.  Miniaturization  to  a  total  dynode  length  ~  0.1  or  0.01 
cm  while  maintaining  acceptable  device  performance  is  a 
challenge  that  is  being  met  through  the  use  of  nano-structured 
materials  in  combination  with  micromachining  technologies.  The 
dramatic  shortening  of  the  electron  trajectories  enables  response 
times  on  the  order  of  10  ps.  Examples  of  the  use  of  nano- 
structured  materials  for  a  new  class  of  photocathode  and  active 
dynode  materials  are  discussed. 

Keywords 
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1.  Introduction 

A  new  approach  for  ultra  high  speed,  large-area  photodetectors, 
with  wide  dynamic  range  is  presented.  This  paper  explores  the 
concept  of  applying  vacuum  microelectronics,  vacuum 
photocathode  and  semiconductor  micromachining  technologies  to 
obtain  a  monolithic,  compact  vacuum-microelectronic 
photodetector.  The  problems  associated  with  this  extreme 
miniaturization  and  solutions  offered  through  employing  nano- 
structured  materials  are  discussed.  The  detector  is  a  hybrid  device 
that  takes  advantage  of  the  robust  gain  mechanism  of  a  dynode 
chain  in  a  photomultiplier  tube  (PMT),  the  spatially  constrained 
electron  transit  trajectories  of  a  microchannel  plate  (MCP),  the 
extreme  compactness  afforded  by  micromachining,  and  the  wide 
range  of  detectable  wavelengths  and  very  low  noise  offered  by 
vacuum  photocathodes. 

The  vacuum-gap  decouples  the  photon-electron  conversion 
mechanism  from  the  active  output  as  in  vacuum  photodiodes 
(VPD),  to  obtain  a  very  high-speed  photodetector  (>200  GHz 
cutoff)  over  a  large  area  with  the  potential  of  spatial  imaging 
capability.  Several  different  detector  formats  are  discussed:  (1)  a 


2-D  array  of  close  packed  micromachined  multi-staged 
microdynodes  arrays  (both  reflection  and  transmission),  (2) 
miniature  continuous  dynode  amplifiers,  and  (3)  miniature  Si- 
MCP  amplifiers,  inserted  between  a  vacuum  photocathode  and  an 
anode.  The  high  frequency  response  of  these  miniaturized 
detectors  is  a  direct  result  of  the  >10x  decreased  electron  transit 
time  of  the  integrated  microdynode  as  contrasted  to  existing  MCP 
PMT’s  1  or  compact  PMT’s 2. 

Several  approaches  have  been  previously  discussed  for 
miniaturization  of  photomultiplier  detectors  through  the  use  of 
micromachining  techniques.  Ehrfeld  et  al.3  discuss  the  use  of 
LIGA  processing  to  form  miniature  photolithographically  formed 
discrete  dynode  multipliers.  These  devices  are  primarily  lateral 
devices,  that  is  the  photocathode,  dynode  chain  and  anode  all  lie 
in  the  plane  of  the  supporting  substrate.  Both  single  anode  and 
multiple  anode  photomultipliers  were  proposed.  This 
development  introduced  the  concept  of  multiplexed 
manufacturing  inherent  in  semiconductor  device  manufacturing 
methods.  Later,  Comby  and  co-workers4  proposed  a  miniature 
monolithic  ceramic  multiplier  approach  in  which  a  dynode  stack 
is  build  up  from  stacks  of  ceramic  layers  with  varying  size  holes 
that  are  aligned  over  one  another  as  illustrated  in  Figure  1.  Comby 
et  al.  also  included  integral  metal  ceramic  feed-throughs 
eliminating  the  traditional  metal  pins  for  electrical  contacts.  The 
importance  of  the  Comby  device  was  several  fold,  elimination  of 
space  consuming  pins  and  sockets,  elimination  of  the  vacuum 
envelope  and  use  of  a  low  cost  highly  automated  fabrication 
methodology.  The  devices  produced  were  on  the  order  of  20  mm 
x  20  mm  x  10  mm  with  16  pixels,  each  0.6  mm  in  diameter.  The 
photocathode  was  produced  on  the  window  and  then  transferred 
and  sealed  to  the  monolithic  dynode  stack  in  UHV  conditions. 

Over  the  past  10  years,  very  little  progress  has  been  made  in 
reducing  the  size  of  the  photomultiplier  much  beyond  the 
monolithic  ceramic  multiplier.  The  smallest  commercially 
available  photomultipliers  are  the  Hamamatsu  metal  package 
tubes.  These  devices  are  based  on  discrete  metal  dynodes 
arranged  in  a  metal  can  package  either  square  or  round  (TO-8) 
with  pins  that  fit  into  a  mating  socket.  A  schematic  diagram  of  a 
metal  can  miniature  photomultiplier  is  shown  in  Figure  2.  A  key 
feature  of  this  miniature  photomultiplier  is  the  method  for 
mounting  and  locating  the  metal  dynodes  relative  to  each  other.  A 
special  precision  ball  and  socket  locating  mechanism  at  the  comer 
of  each  dynode  plate  is  responsible  for  determining  both  the 
lateral  registration  and  the  proper  vertical  separation  between 
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dynodes.  This  family  of  photomultipliers  is  continuing  to  expand 
into  new  applications  especially  with  the  separately  addressable 
anodes  permitting  spatially  resolved  imaging. 
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Figure  1 .  Equipotential  plot  for  a  Comby  type 
monolithic  ceramic  photomultiplier. 


Window 


Figure  2.  Schematic  diagram  of  a  miniature  discrete 
dynode  photomultiplier  tube  from  Hamamatsu. 
Typical  dimensions  are  15  mm  diameter  by  10  mm  in 
height,  inter-dynode  spacing  ~  650  micrometers. 


2.  Issues  in  Miniaturization  of  Electron 
Multipliers 

There  are  several  levels  of  problems  to  contend  with  when 
reducing  the  total  electron  travel  distance  in  a  photomultiplier  to 
dimensions  on  the  order  of  less  than  1  mm.  The  first  level  is  the 
geometrical  shape  of  the  dynode  surface,  the  distance  between 
dynodes,  and  the  lateral  location  relative  to  the  dynodes  above 
and  below  and  the  tolerances  required  for  maintaining  efficient 
electron  collection  and  secondary  generation.  The  next  level  of 
problem  focuses  on  issues  of  alignment  of  the  dynodes  and 
development  of  mechanisms  for  maintaining  the  alignment  during 
mounting  of  the  dynodes.  Yet  another  level  of  problem  focuses 
on  elimination  of  potential  sources  of  noise. 

As  the  distance  between  dynodes  decreases,  the  electric  fields 
become  larger.  This  is  a  result  of  the  fact  that  the  energy  required 
for  production  of  a  secondary  electron  on  the  dynode  surface  is 
independent  of  the  distance  between  dynodes  and  is  principally 
controlled  by  the  energy  of  the  incident  electron.  In  order  to 
generate  secondary  electrons  on  the  next  dynode  surface,  the 
incident  electron  must  be  accelerated  to  a  sufficient  energy. 
Typical  inter-stage  voltages  are  on  the  order  of  100  V,  thus  as  the 
distance  between  dynodes  decreases,  the  electric  fields  increase 
making  control  of  electron  trajectories  more  challenging.  This 
requires  precision  alignment  of  the  dynodes  relative  to  one 
another.  Small  lateral  misalignments  between  adjacent  dynodes 
and  loss  of  planar  parallelism  can  severely  impact  secondary 
electron  generation  and  multiplier  electron  collection  efficiency. 
Another  problem  in  miniaturization  of  electron  multipliers  is 
interstage  capacitance,  which  tends  to  increase  with  smaller 
spacing  between  the  dynode  plates.  This  reduces  the  high 
frequency  response  capabilities  of  the  tube.  The  following 
sections  discuss  alternative  approaches5  for  further 
miniaturization  of  photomultiplier  detectors,  and  represent  a 
progress  report  on  ongoing  technological  developments  in  this 
area. 

3.  Nanostructured  High  Gain  Dynodes  and 
Photocathodes 

Traditionally  electron  multiplier  dynodes  are  produced  from  a 
variety  of  materials,  examples  are  CuBe  or  stainless  steel  metal 
that  has  been  either  specially  activated  or  coated  with  a  high 
secondary  electron  yield  material.  These  dynodes  typically  have 
secondary  electron  yields  in  the  range  2  to  6  and  therefore  require 
8  to  10  stages  of  multiplication  in  order  to  reach  gains  of  10  to 
106.  The  large  number  of  stages  could  be  significantly  reduced  if 
materials  having  larger  secondary  electron  yields  could  be 
produced.  Reducing  the  number  of  stages  has  several  benefits 
such  as  faster  response  time;  smaller  transit  time  spread,  and 
improved  pulse  height  distribution 

Recently,  is  was  discovered  that  dynode  surfaces  produced  by 
deposition  of  a  thin  layer  of  MgO  onto  an  array  of  vertically 
aligned  carbon  nanotubes  (MgO/CNT)  resulted  in  extraordinary 
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secondary  electron  yields*  These  surfaces  exhibited  secondary 
electron  yields  >  10,000.  Secondary  electron  yields  of  this 
magnitude  on  dynode  surfaces  makes  it  possible  to  significantly 
reduce  the  number  of  dynodes  in  a  photomultiplier.  Depending  on 
the  application,  either  a  single  or  a  two-stage  dynode  is  all  that  is 
necessary.  Reduction  of  the  number  of  dynodes  from  either  8  or 
10  to  1  or  2  is  a  dramatic  change.  This  significantly  shortens  the 
electron  trajectory  improving  the  tube  response  time  enabling 
picosecond  and  possibly  subpicosecond  response  times.  The 
reduction  of  the  number  of  dynodes  also  simplifies  tube  design 
and  assembly. 

Another  material  system  that  is  under  consideration  as  a  high 
yield  secondary  electron  yield  coating  is  diamond  thin  films. 
Diamond  thin  film  surfaces  that  have  been  treated  with  either 
hydrogen  or  oxygen  and  cesium  have  negative  electron  affinity 
and  the^  secondary  electron  yields  have  been  measured  in  excess 
of  130.  Typical  values  of  secondary  yield  typically  achieved  in 
photomultiplier  tubes  is  -25-30.  This  enables  a  4  stage  tube  with 
gain -a  few  xlO5. 

Another  area  where  nanostructured  materials  will  have  a  major 
impact  on  miniaturization  of  photomultipliers  is  in  new 
photocathode  materials.  Nanoparticle-semiconductor  composite 
thin  films  such  as  Ag-O-Cs,  have  shown  enhanced 
photoemission.  The  enhanced  photoemission  is  attributed  to  field 
induced  variations  in  the  energy  band  structure  of  the  film  due  to 
nanoscale  Ag  particles  embedded  in  the  CsO  matrix.  The  increase 
in  quantum  yield  reported  was  15.7%  at  510  nm  wavelength.  Yet 
other  material  systems  that  show  promise  for  extending  the 
photoresponse  into  the  1.3  to  1.5  pm  region  are  based  on  single 
wall  carbon  nanotubes  where  the  band  edge  absorption  is 
dependent  on  the  nanotube  diameter  and  can  be  tuned  over  the 
frequency  range  of  interest.9  Studies  of  metal  nanowire  composite 
structures  have  also  shown  interesting  tunable  absorption 
properties  that  can  be  taken  advantage  of  to  engineer 
photoemissive  coatings  having  selective  optical  responses.10  The 
enhanced  plasmon  excitation  modes  in  nanoparticles  and 
nanowires  makes  them  interesting  candidate  materials  for  optical 
applications  such  as  photocathodes.1112,1314 

The  rapid  developments  taking  place  in  nanostructured  materials 
will  have  a  significant  impact  on  future  photomultiplier 
technology.  Nanostructured  photocathodes  with  higher  quantum 
efficiencies,  narrow  band  tunable  photoresponse  and  internal  gain 
mechanisms  will  become  possible. 


4.  Alternate  Approaches  for  Miniature 
Photomultiplier  Design  and  Fabrication 

4.1  The  Monolithic  “Teacup  Dynode” 

As  discussed  earlier  the  monolithic  ceramic  multiplier  was  a  first 
attempt  to  seriously  reduce  the  size  of  a  photomultiplier  detector.  In 
this  section  the  ceramic  multiplier  concept  is  carried  a  step  further  in 
miniaturization  in  the  form  of  a  teacup  shaped  dynode  produced  by 
isotropic  etching  of  glass  wafers.  Figure  1  shows  a  cross-section 
through  a  section  of  a  monolithic  teacup  dynode  based 
photomultiplier  tube  illustrating  the  potential  distribution  and 


trajectories  of  electrons  traveling  from  the  photocathode  to  a 
spatially  resolved  anode.  An  illustration  of  a  four-stage  teacup 
dynode  stack  is  shown  in  Figure  4,  which  also  shows  the  means  for 
alignment  of  the  dynodes  to  maintain  the  proper  offset  for  optimum 
secondary  electron  generation  and  collection. 

The  teacup  dynode  is  produced  by  isotropic  etching  of  a  prescribed 
pattern  of  holes  photolithographically  produced  in  a  mask  on  the 
glass  wafer  surface.  The  holes  etch  into  spherical  cavities  as  shown 
in  Figure  5.  Typical  dimensions  are  200  to  300  micrometers  for  the 
teacup  entrance  and  50  -  100  micrometers  for  the  exit.  The  layers 
are  each  on  the  order  of  200  to  300  micrometers  in  thickness,  an 
eight  stage  dynode  is  —1.6  to  2.4  mm  in  height  depending  on  teacup 
size.  The  parallelness  between  stages  is  determined  by  the  degree  of 
parallelism  between  the  two  sides  of  the  glass  wafer  and  the  lateral 
alignment  is  determined  by  photolithographically  patterned  holes 
for  locating  spheres  as  illustrated  in  Figure  4. 

The  sidewalls  of  the  teacup  structures  are  coated  with  a  resistive 
film  whose  surface  is  treated  to  produce  a  high  secondary  electron 
yield.  Electrical  connection  to  each  dynode  is  made  by 
evaporation  of  a  metal  film  onto  the  top  flat  surface  of  the  glass 
substrate,  overlapping  the  resistive  film  at  the  top  edge  of  the 
teacup. 


Photocathode 


Figure  3.  Cross-section  view  through  a  “teacup” 
dynode  stack  showing  equipotential  distribution 
and  electron  trajectories  from  electrons  launched 
from  a  photocathode.  Numbers  on  the  left  are  the 
potentials  on  each  stage  of  the  dynode  chain. 

One  of  the  major  advantages  of  this  approach  for  fabrication  of  a 
monolithic  dynode  structure  is  the  flexibility  offered  by  the 
photolithographic  patterning  process.  The  teacup  dynodes  can  be 
arranged  in  a  variety  of  patterns,  square  arrays,  close  packed 
arrays  and  linear  arrays.  The  two  dimensional  array  shown  in 
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Figure  4  could  easily  be  fabricated  at  a  pitch  of  275  pm,  a  100  by 
100  pixel  detector  would  have  an  active  area  of  2.75  mm  .  The 
patterning  process  is  not  limited  to  spherical  surfaces;  it  is  also 
possible  to  produce  straight  or  curved  cylindrical  surfaces.  Figure 
6  shows  a  simple  linear  array  of  half  cylinders  etched  into  quartz. 
These  structures  are  part  of  a  lateral  monolithic  dynode  structure 
made  by  bonding  two  complementary  glass  plates,  each  with  half 
of  the  dynodes,  see  Figures  7  and  8.  Light  enters  through  a 
window  that  seals  the  edge  of  the  structure  and  strikes  a  reflection 
photocathode  where  photoelectrons  are  produced  that  are 
accelerated  through  the  dynode  structure.  In  this  structure, 
placement  of  the  dynodes  is  very  critical  and  slight  misalignments 
can  result  in  low  collection  efficiencies.  Also  not  shown  are  a 
series  of  electron  lens  structures  necessary  for  focusing  electrons. 


Figure  4.  This  schematic  shows  a  top  and  cross- 
sectional  view  of  a  four-stage,  8x4  pixel  micro- 
dynode  array  demonstrating  arrangement  of  the 
dynodes.  The  layers  are  offset  relative  to  each 
other  to  maximize  secondary  electron  emission 
collisions  as  shown  in  Figure  3.  Also  shown  on 
each  side  of  the  micro-dynodes  are  the  spheres 
that  are  used  to  mechanically  align  the  layers. 


Figure  5.  This  optical  photograph  shows  a  top 
view  looking  down  into  a  “bottomless  teacup” 
micromachined  into  a  quartz  substrate  by 
NanoSciences. 


of  the  metal  surface.  The  secondary  electron  yield  of  this  surface 
is  ~  2.25  which  is  consistent  with  a  gain  of  ~5.  This  is  similar  to 
that  reported  by  Comby  et  al  for  the  monolithic  ceramic  electron 
multiplier. 

The  monolithic  approach  can  now  take  advantage  of  ceramic  chip 
packaging  technologies  to  produce  robust  surface  mount  packages 
as  illustrated  in  Figure  10.  This  type  of  packaging  minimizes  stray 
capacitance  and  places  the  detector  output  closer  to  the  detection 
electronics.  This  arrangement  permits  convenient  integration  of 
the  photomultiplier  with  high-speed  pulse  discriminators, 
amplifiers,  ADC’s  and  digital  signal  processors. 


u 

Figure  6.  Optical  micrograph  of  4  half  cylinders 
etched  into  a  quartz  wafer  surface.  The  cylinders 
are  800  pm  in  length  by  300  pm  in  diameter,  the 
etched  depth  is  half  the  diameter. 


Dynodes 


Anode 


Figure  7  Schematic  diagram  of  a  lateral  single 
pixel  photomultiplier.  Each  dynode  is  a  half 
cylinder 


The  gain  performance  of  a  linear  array  two-stage  dynode  stack  of 
cylindrical  dynodes  similar  to  the  illustration  of  Figure  4  is  shown 
in  Figure  9.  In  this  example,  the  dynode  cylindrical  surfaces  were 
coated  with  aluminium  and  the  top  surface  of  each  dynode  was 
coated  with  a  thin  layer  of  alumina  produced  by  thermal  oxidation 
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Figure  8.  Illustration  of  dynode  electrical 
connection  and  the  patterned  glass  frit  vacuum 
seal. 


Applied  Voltage 

Figure  9.  Measured  gain  for  a  two  stage  vertical 
stack  of  cylindrical  dynodes. 


Figure  10.  Illustration  of  a  monolithic  dynode 
stack  packaged  in  a  surface  mount  ceramic  chip 
carrier  enabling  low  profile  and  very  compact 
photomultiplier  detectors. 


4.2  MicroChannel  Continuous  Dynode  Amplified 
Photomultipliers 

The  monolithic  approach  applied  to  the  discrete  dynode  electron 
multipliers  of  the  previous  section  can  be  extended  to  producing 
micro  scale  continuous  dynode  amplifiers.  These  structures  are 
analogous  to  the  macroscopic  channeltron  electron  amplifiers  and 
channel  photomultipliers15  commonly  employed  in  analytical 
applications  such  as  mass  spectroscopy  and  fluorescence 
detection  where  very  sensitive  low  background  detectors  are 
needed.  The  previously  described  photolithographic  patterning 
process  can  be  employed  to  produce  arbitrarily  shaped  cylindrical 
channels.  Figure  1 1  shows  a  single  channel  micro  scale  electron 
amplifier.  The  channel  diameter  is  200  pm  and  is  coated  with  a 
high  resistivity  film  that  forms  the  strip  resistance  for  conducting 
charge  back  onto  the  dynode  surface.  The  surface  of  the  strip 
resistance  film  is  coated  with  a  higher  secondary  electron  yield 
coating  for  producing  electron  gain.  The  measured  gain  for  a 
single  channel  amplifier  is  shown  in  Figure  12.  The  gain  increases 
with  increasing  bias  voltage. 

One  of  the  significant  advantages  of  this  approach  to  electron 
amplification  is  that  linear  array  detectors  are  as  easy  to  produce 
as  single  channel  devices.  Figure  13  shows  an  etched  array  of  a  1 
x  50  linear  array  of  100  pm  diameter  channels  each  5  mm  in 
length.  This  type  of  linear  array  permits  a  high  degree  of  spatial 
resolution,  For  example  the  array  in  Figure  13,  has  a  pixel  center- 
to-center  distance  of  125  pm  yielding  a  total  detector  width  of 
6.25  mm. 


The  miniature  continuous  dynode  electron  amplifiers  have  an 
extremely  flexible  format  and  can  be  patterned  in  a  wide  variety 
of  arrangements  as  illustrated  in  Figure  14  which  shows  a  circular 
array  of  detectors  arranged  around  the  circumference  of  a  circular 
opening,  in  this  case  the  channel  multipliers  are  designed  to 
measure  the  uniformity  of  X-ray  emission  from  a  miniature 
cylindrical  X-ray  source.  This  device  yields  an  angular 
distribution  of  X-ray  flux  with  a  single  measurement.  This  type  of 
device  structure  is  also  adaptable  to  three-dimensional  stacking 
forming  a  monolithic  stack  of  high  sensitivity  detectors. 
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Figure  11.  A  prototype  continuous  dynode 
electron  amplifier,  the  channel  is  8  mm  in  length 
by  200  pm  in  diameter.  The  photocathode  is 
deposited  on  the  end  of  a  cleaved  optical  fiber 
input.  Two  wires  connecting  through  the  side 
ports  are  used  for  biasing  the  channel  and  the 
wire  opposite  the  photocathode  is  the  anode. 


Sngle  Channel  Mitfplier  Gain  Data 


Voltage  (V) 


Figure  12.  Electron  gain  measured  on  a 
microchannel  electron  amplifier.  At  1000  V,  the 
gain  reaches  22,000. 

4.3  Miniature  Continuous  Channel  Amplified 
Photomultipliers 

The  previous  section  discussed  microchannel  amplifiers,  in  this 
section  a  slightly  larger  miniature  microchannel  amplified 
photomultiplier  is  presented.  These  tubes  are  intended  to  address 
applications  where  compact  high  sensitivity  and  high-speed 
detection  are  required.  This  family  of  photomultipliers  is  based  on 
a  novel  channel  amplifier  that  is  micromachined  in  fused  silica 
(Figures  15  and  16).  The  channel  is  15  mm  in  length  with  a  0.5 
mm  I.D.  The  input  cone  can  be  coated  with  high  secondary 
electron  yield  coatings  such  as  the  MgO/CNT,  NEA  diamond^  or 
a  reflection  photocathode.  The  channel  develops  gain  of  25x10  at 
1000  V  bias.  The  strip  resistance  and  secondary  electron  layers 
are  deposited  by  chemical  vapor  deposition  at  temperatures  in 
excess  of  700°C.  The  tube  and  its  components  are  processed  at 


high  temperatures  for  cleaning  during  preparation  for 
photocathode  deposition  and  tube  sealing. 


Figure  13.  A  linear  array  of  50  parallel  “S”  shaped 
channel  amplifiers  etched  into  a  quartz  wafer 
surface. 


Figure  14.  Illustration  of  the  flexible  formatting 
possible  with  the  microchannel  continuous 
dynode  electron  amplifier.  In  this  figure  12 
individual  detectors  are  arrayed  around  the 
circumference  of  a  circular  cylinder  on  the 
interior.  Each  detector  is  biased  separately  and 
each  anode  is  addressed  independently  enabling 
an  angularly  resolved  measurement  of  X-rays 
emitted  from  a  miniature  X-ray  source  placed  at 
the  center  of  the  interior  cylinder. 
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Figure  15.  Cross-section  view  of  a  miniature 
channel  amplified  photomultiplier.  The  tube  O.D. 
is  7.49  mm  and  the  overall  tube  length  is  28.1  mm. 


Figure  16.  Side  view  of  the  Pioneer  I  miniature 
channel  amplifier  photomultiplier  showing  the 
miniature  channel  amplifier. 

4.4  Silicon  Based  MicroChannel  Plate  Amplifiers 

Glass  microchannel  plate  amplifiers  have  played  an  important  role 
in  both  particle  and  low  level  light  detection.  In  this  section  a  new 
microchannel  plate  amplifier  structure  based  on  micromachined 
silicon  and  its  applications  to  miniaturization  of  photomultipliers  is 
discussed.  The  silicon  based  microchannel  plate  (Si-MCP)  is  a 
relatively  recent  development,16  that  has  arisen  out  of  a  novel  high 
rate  anisotropic  etching  process.17  This  process  enables  very  high 
aspect  ratio  channels  to  be  etched  into  the  bulk  of  a  silicon  wafer. 
Some  of  the  advantages  of  Si-MCP  amplifiers  are:  (1)  the  channel 
structure  and  geometrical  patterning  can  be  controlled 
photol ithographically ,  (2)  the  uniformity  of  the  channel  spacing 
results  in  a  uniform  dark  background  and  a  flat  field  response  due  to 
uniform  illumination,  there  is  no  modulation  due  to  the 
microstructure,  (4)  the  structure  is  composed  of  materials  that  can  be 
subjected  to  very  high  baking  temperatures  during  photomultiplier 
processing  and  so  out  gassing  is  minimized,  (5)  the  use  of  silicon  as 
a  substrate  material  also  enables  monolithic  stacks  of  channels  for 
“V”  and  “Z”  channel  geometries  and  (6)  the  micromachining 
approach  and  the  use  of  semiconductor  processing  enables  many 


devices  to  be  produced  per  wafer  and  many  devices  can  be 
processed  in  parallel  yielding  a  potentially  interesting 
manufacturing  cost  structure.  The  Si-MCP  has  demonstrated 
performance  characteristics  similar  to  glass  channel  plates.18’1920 
The  Si-MCP  can  enable  miniature  MCP  amplified  photomultipliers 
as  illustrated  in  Figure  17.  This  is  a  prototype  tube  design  presently 
under  development.  The  next  step  in  the  development  of  this 
photomultiplier  is  the  elimination  of  the  pins  and  sockets.  A  plot  of 
electron  gain  as  a  function  of  bias  voltage  applied  to  the  Si-MCP 
is  shown  in  Figure  18.  Stacks  of  Si-MCP  have  shown  electron 
gain  as  high  as  106. 


Figure  17.  Illustration  of  the  compact  structure 
enabled  through  the  use  of  a  Si-MCP  amplified 
photomultiplier  tube.  Dimensions  are  in  mm. 
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Figure  18.  Gain  measured  as  a  function  of  voltage 
applied  to  a  Si-MCP.  The  channel  openings  are  -6 
mm  spaced  on  8  mm  centers  in  a  square  array. 
The  channel  aspect  ratio  is  ~40:1. 
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5.  Conclusions 

Recent  trends  in  the  development  of  miniature  and  micro-scale 
photomultipliers  have  been  reviewed  and  some  new  approaches 
that  are  under  development  have  been  presented.  Miniaturization 
of  photomultipliers  is  reasonably  straightforward,  however,  going 
beyond  miniaturization  requires  the  use  of  photolithographic 
patterning  and  micromachining  to  achieve  the  required  precision 
and  alignment  necessary.  Nanostructured  materials  also  become 
critical  to  achieving  microscale  photomultipliers.  New  high  gain 
dynode  materials  and  nanostructured  photocathodes  will  enable 
fewer  stages  of  multiplication  for  comparable  gain.  This  trend 
will  enable  micro-scale  photomultipliers  to  compete  more 
favorably  with  solid  state  detectors. 
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Abstract 

We  report  recent  results  concerning  the  loss  and  transmission 
properties  of  both  index  guiding  and  photonic  band  gap 
microstructured  fibers  generated  via  a  sol-gel  method.  The  loss 
for  an  index  guiding  microstructed  fiber  at  1550  nm  is  2  dB/km 
and  shows  an  attenuation  of  6  dB/km  at  1385  nm,  displaying  the 
lowest  level  of  hydroxyl  in  any  microstructured  fiber.  Our  results 
are  compared  to  other  recently  published  results. 
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1.  Introduction 

Microstructured  optical  fibers  consist  of  an  array  of  holes, 
embedded  within  a  glass  matrix,  which  extends  longitudinally 
along  the  z-axis  of  the  fiber,  see  Figures  la  and  lb.  The  ability  to 
periodically  place  air  holes  within  a  silica  matrix  enables  new 
designs,  which  utilize  the  large  index  contrast  between  air  and 
silica  to  generate  fibers  with  unique  waveguiding  properties. 
Highly  nonlinear  fibers  for  supercontinuum  generational] 
bireffingent  fibers,[2]  endlessly  single  moded  fibers, [3]  dispersion 
shifted  and  dispersion  compensating  fibers[4]  highlight  the 
diverse  range  of  properties  afforded  via  microstructure  fiber 
design.  Furthermore,  as  these  fibers  have  open  air  columns 
running  along  their  length,  it  is  possible  to  incorporate  active 
materials  within  the  holes  to  generate  all  fiber  devices.[5]  The 
aforementioned  fibers  are  all  index  guiding  structures,  however, 
the  ability  to  generate  a  regular  periodic  lattice  with  the  large 
index  contrast  afforded  by  air  and  silica  with  a  period  close  to 
optical  transmission  wavelengths  allows  one  to  guide  light  by  the 
photonic  band  gap  effect.  Light  is  then  localized  within  the  core 
through  a  coherent  scattering  mechanism  and  consequently  can 
propagate  within  a  low  index  core  region  such  as  air[6] 
minimizing  the  effects  of  material  absorption  loss,  scattering  and 
nonlinearities  and  as  a  result,  hollow  core  photonic  band  gap 
fibers  are  predicted  to  have  significantly  lower  losses  than 
standard  silica  fibers. [7] 

While  microstructured  fibers  show  great  potential  in  both 
transmission  and  device  applications,  until  recently,  these  fibers 
have  been  plagued  by  high  optical  attenuation  between  10-100 
dB/km  and  have  been  restricted  to  short  lengths  of  fiber  on  the 
order  of  a  few  hundred  meters.  Achieving  low  optical  attenuation 
requires  solving  a  number  of  challenges  in  fabrication,  processing 
and  draw.  Preforms  with  uniform  hole  size  and  positions  along 
the  length  are  required  and  must  be  sufficiently  large  in  size  to 


Figure  1.  Cross-sectional  view  of  sol-gel  derived 
microstructured  fibers  with  both  a)  closest  packed 
and  b)  non-closest-packed  air  hole  patterns.  The 
dark  regions  are  air  holes  while  the  bright  regions 
are  silica 

air/glass  interface.  Processing  steps  which  reduce  the 
contamination  due  to  OH  at  the  surface  of  the  air  holes  are 
required.  Finally,  it  is  essential  that  the  air  holes  remain  open 
during  draw  and  furthermore  that  a  uniform  hole  size  and  shape 
over  kilometer  lengths  is  obtained.  Recently,  tremendous 
progress  has  been  made  in  the  manufacturing  of  microstructured 
fibers  with  reported  loss  values  in  the  1-3  dB/km  range[8-10]  and 
uniform  hole  size  distribution  over  km  length  scales  indicating 
that  microstructure  fibers  may  indeed  provide  attractive  solutions 
for  both  transmission  and  specialty  fiber  applications.  In  this 
paper,  we  discuss  our  progress  towards  producing  low-loss 
uniform  microstructured  fiber  on  kilometer  length  scales  for  both 
index  guiding  and  photonic  band  gap  fibers  and  compare  these 
with  other  recent  results. 

2.  Design  and  manufacture  of  micro- 
structured  fiber 

To  date,  most  microstructured  fibers  have  been  manufactured  by  a 
“stack-and-draw”  method  in  which  glass  capillaries  and  or  rods 
are  stacked  together  to  form  a  preform,  which  is  then  drawn  down 
in  a  single  or  multiple  steps  to  optical  fiber  dimensions.  This 
method  offers  design  freedom  in  the  choice  of  the  inner  and  outer 
diameters  of  the  capillaries  used  and  the  placement  of  the  air 
holes  in  the  preform.  While  this  method  has  been  shown  to  be 
quite  useful  in  generating  a  number  of  fibers  with  different  optical 
properties  such  as  high  nonlinear  fibers,  endlessly  single-moded 
fibers,  and  even  photonic  band  gap  fibers,  this  technique  is 
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ultimately  limited  in  design  space  to  closest  packed  structures. 
Recently,  a  few  publications  have  been  made  for  the 
manufacturing  of  microstructured  fibers  via  extrusion  both  for 
polymer  fibers  and  for  non-silica  glasses.  [11-13]  The  extrusion 
method  offers  additional  flexibility  in  design,  however,  the 
polymeric  or  non-silica  glass  materials  typically  employed  in 
extrusion  suffer  from  high  loss.  Similar  flexibility  in  design  is 
achieved  using  a  sol-gel  casting  method[14,15],  as  exhibited  in 
the  non-closest-packed  fiber  design  is  shown  in  Figure  lb  which 
contains  annular  rings  of  air  holes  with  an  increasing  number  of 
air  holes  as  the  radius  increases.  With  this  approach  a  parabolic 
index  profile  for  an  inexpensive  all-silica  graded  index  fiber 
might  be  achieved. 

One  advantage  of  the  casting  technique  is  that  after  the  green 
body  is  formed,  water  and  transition  metal  contaminants  as  well 
as  refractory  particles  can  be  removed  through  thermochemical 
processes  prior  to  consolidating  the  body  into  glass  and  finally 
drawing  into  fiber.  The  stack  and  draw  methods  require  handling 
of  glass  capillaries  during  the  preform  fabrication  step,  which 
serves  as,  a  potential  source  for  material  contamination. 
Contaminants  trapped  within  the  glass  preform  are  significantly 
more  difficult  to  remove  than  from  a  porous  body.  Hence, 
fabrication  techniques  that  involve  a  porous  body  provide  a  clear 
route  towards  a  lower  level  of  contamination  for  silica 
microstructured  fibers. 

2.1  Impact  of  hole  placement  on  optical 
properties 

The  regularity  of  the  air  holes  within  a  microstructured  fiber  is 
important  both  for  index  guiding  as  well  as  for  photonic  band  gap 
fibers.  The  cladding  consists  of  a  regular  array  of  air  holes  with 
bridging  silica  regions.  These  silica  regions  are  typically  weakly 
guiding  and  light  propagating  in  these  can  be  easily  removed  by 
bending  of  the  fiber  as  is  typical  done  in  fiber  attenuation 
measurements.  However,  if  the  air  fraction  is  high,  the  silica 
regions  are  then  small  and  not  well  coupled  to  each  other.  As  a 
result,  the  light  propagating  in  these  silica  regions  of  the  cladding 
is  difficult  to  remove  by  bending  leading  to  potential  errors  in 
optical  measurements.  If  the  structure  is  mostly  regular,  with  a 
few  unintentional  defects  in  the  cladding,  the  light  will  tend  to 
localize  within  these  regions  as  shown  in  Figure  2.  Coupling  of 
these  defect  guides  in  the  cladding  with  the  core  region  increases 
the  overall  optical  attenuation  of  the  fiber.  The  six-fold  symmetric 
core  formed  from  the  removal  of  one  hole  of  a  triangular  lattice 
ideally  exhibits  no  birefringence, [16]  therefore  maintaining  a 
symmetric  core  along  the  length  of  the  fiber  should  also  reduce 
the  polarization  modal  dispersion  (PMD). 

2.2  Lattice  structure  and  Photonic  band  pan 

fibers  6  F 

Photonic  band  gap  fibers  guide  light  through  a  coherent  scattering 
process  in  which  a  regular  periodic  variation  in  the  index  of 
refraction  causes  particular  frequencies  of  light,  which  satisfy  the 
Bragg  condition,  to  be  localized  within  a  defect  region  or  core. 


Due  to  the  guiding  mechanism,  very  regular  extended  periodic 
lattices  are  required  in  order  to  effectively  transmit  light  with  low' 


Figure  2.  Cross  section  of  an  index  guiding 
microstructured  fiber  with  light  coupled  into  the 
other  end  of  the  fiber.  The  bright  region  in  the 
center  of  the  fiber  is  light  transmitted  through  the 
silica  core  of  the  fiber.  Another  bright  section  is 
observed  in  the  cladding  at  a  hole  dislocation.  A 
second  region  to  the  lower  left  of  the  picture  shows 
green  light  at  a  position  where  the  hole  size  is 
significantly  smaller  than  the  rest  of  the  fiber. 

optical  attenuation. 

Recently,  we  have  demonstrated  that  solid  silica  core  fibers 
surrounded  by  triangular  lattice  of  air  holes,  such  as  the  one 
shown  in  Figure  la,  demonstrate  guidance  by  the  photonic  band 
gap  effect  when  a  high  index  liquid  (nD  =1.8)  is  inserted  into  the 
air  holes.  Shown  in  Figure  3  are  the  transmission  spectra  for  two 
different  sol-gel  derived  photonic  band  gap  fibers,  fiber  1A  with 
10  rows  of  holes  and  fiber  IB  with  5  rows  of  holes.  The  lattice 
constant,  A,  or  pitch  of  the  air  holes  for  fibers  1 A  and  IB  is  4.3 
and  5.2  pm  respectively  while  the  hole  size  is  2.4  pm  for  both 
fibers.  The  transmission  spectra  are  displayed  in  normalized  units 
with  respect  to  the  lattice  constant.  Despite  the  fact  that  fiber  IB 
has  significantly  fewer  rows  of  holes,  it  has  a  significantly 
improved  transmission  spectrum  compared  to  fiber  A,  with 
broader  and  flatter  transmission  windows,  a  sharp  band  edge  as 
well  higher  order  harmonic  Bragg  reflections  at  higher 
frequencies.  The  marked  improvement  in  the  photonic  band  gap 
transmission  spectrum  is  a  result  of  the  increased  uniformity  both 
in  the  air  hole  size  and  spacing  leading  to  a  regular  symmetric 
structure.  Two-dimensional  Fourier  transforms  of  the  transverse 
images  of  fiber  1A  and  IB  confirm  that  fiber  IB  has  a  higher 
degree  of  order  than  fiber  1A.  As  the  photonic  band  gap  spectrum 
provides  a  direct  link  to  the  regularity  of  the  structure  as  well  as 
the  uniformity  of  the  hole  size  in  the  same  manner  as  scattering  or 
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image  analysis,  these  spectra  may  provide  an  alternative 
noninvasive  method  for  characterization  of  microstructured  fibers. 


Figure  3.  Normalized  transmission  spectrum  for  two 
photonic  band  gap  fibers.  Fiber  1A  is  shown  with  a 
dashed  line  while  Fiber  IB  is  shown  with  a  solid  line. 
The  details  of  the  fiber  parameters  are  discussed  in  the 
text. 

Although  photonic  band  gap  fibers  are  anticipated  to  be  low  loss, 
the  longest  distance  reported  to  date  for  such  a  fiber  is  15  m,  with 
a  loss  of  1  dB/m  for  an  air-core  photonic  band  gap  fiber.  [8]  The 
loss  for  fiber  B  is  estimated  to  be  better  than  1  dB/m,  however, 
the  length  into  which  the  liquid  has  been  placed  inside  the  fiber 
has  been  limited  to  lengths  2  m  or  less.  The  largest  source  of  loss 
for  photonic  band  gap  fibers  appears  to  be  due  to  imperfections  in 
the  lattice  structure.  It  is  hoped  that  continued  improvement  in 
perfecting  the  fiber  fabrication  process  will  allow  low  loss  hollow 
core  transmission  fibers  to  be  produced. 

3.  Material  contamination 

As  in  all  fibers,  reduction  of  material  contamination  is  essential  to 
extend  the  transmission  length  of  a  fiber.  While  the 
manufacturing  of  high  purity  silica  with  low  OH  (e.g.  AllWave 
fiber  manufactured  by  OFS)[17]  as  well  as  low  values  for 
transition  metal  ions  has  become  routine,  obtaining  the  same 
levels  of  purity  in  microstructured  fibers  is  complicated  by  the 
numerous  air-glass  interfaces  near  the  core.  Contamination  can 
be  particularly  problematic  for  the  stack  and  draw  approach  due 
to  handling  of  capillaries  during  preform  assembly.  Despite  this 
difficulty,  stack  and  draw  microstructured  fibers  have  been 
reported  with  measured  loss  values  between  1  to  2.6  dB/km  at 
1550nm.  [8-10]  Tajima  et  al  have  attempted  to  characterize  the 
leading  contributions  to  the  attenuation  in  microstructured  fibers 
using  equation  1, 

a  =  Y  +  aabs+B  (i), 


where  the  total  attenuation,  a,  is  attributed  to  Rayleigh  scattering 
with  coefficient  A,  ctabS  is  the  attenuation  associated  with  material 
absorption  and  B  is  loss  due  to  structural  defects  of  the 
waveguides  such  as  changes  in  hole  size  or  lattice  constant 
spacing.  Equation  1  is  oversimplified  in  that  it  does  not  explicitly 
take  into  account  the  affect  of  confinement  loss[18]  of  the 
waveguide  and  its  corresponding  wavelength  dependence.  This 
equation  also  partially  groups  the  expected  excess  scattering  from 
the  imperfect  surfaces  into  the  Rayleigh  scattering  coefficent 
since  a  lower  order  power  of  MX  is  not  included.  However,  this 
equation  does  provide  a  useful  means  of  comparing  the  loss 
values  for  similar  microstructured  fibers.  In  Table  1  the 
attenuation  at  1550  nm,  1385  nm,  the  Rayleigh  scattering 
coefficient  and  the  structural  defect  values  are  given  for  our 
microstructured  fiber  and  for  the  three  previously  reported  low 
loss  microstructured  fibers.  Tajima  et  al  have  achieved  the 
lowest  loss  microstructured  fiber  by  employing  high  purity 
capillaries  made  using  VAD  glass.  The  OH  loss  in  the  glass 
preform  was  less  than  1  dB/km  in  the  initial  glass,  but  was  greater 
than  30  dB/km  in  the  final  fiber  indicating  that  subsequent 
processing  steps  including  draw  led  to  an  increased  level  of 
contamination  in  the  fiber.  The  microstructured  fiber  reported 
here  has  a  loss  of  2  dB/km  at  1550m,  twice  that  of  Tajima  et  al, 
however  the  OH  for  the  sol-gel  fiber  is  nearly  1/5  that  of  Tajima 
et  al.  demonstrating  the  lowest  loss  at  1385  nm  of  any 
microstructured  fiber  to  date. 


Figure  4  Attenuation  of  Fibers  2A  and  2B.  The  2B 
preform  had  additional  purification. 

In  Figure  4,  we  show  the  optical  loss  of  two  different  index 
guiding  microstructured  fibers  as  well  as  their  OH  concentrations 
in  both  the  glass  preform  and  the  final  fiber.  Fiber  2A  and  2B 
possess  comparable  hydroxyl  concentration  in  the  initial  glass 
preform  yet  Fiber  2B  displays  an  hydroxyl  concentration  which  is 
a  factor  of  three  less  than  Fiber  2 A.  An  additional  processing  step 
of  heating  the  preform  after  attaching  the  handle  was  performed 
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for  Fiber  2B  to  remove  any  water  which  may  have  entered  the  air 
holes  and  to  remove  any  water  from  the  air/glass  interface. 


microns  We  have  been  able  to  produce  fibers  which  vary  in  hole 
size  less  than  5%  over  2  km  spans. 


Table  1.  Contributions  to  loss  for  recently  reported  low-loss 
microstructured  fibers 


Urns 

m 

B 

(struct.defect) 

(dB/km) 

Loss 

@1385  nm 
(dB/km) 

■ 

i 

2 

0.6 

30 

IjEjl 

1.3 

1.9 

1 

>20  (est.) 

2 

■■ 

1 

7 

2.6 

Not  reported 

Not  reported 

50 

Table  1  shows  that  the  present  fiber  possess  a  Rayleigh  scattering 
coefficient  twice  as  large  as  both  Tajima  et  a I.  and  Suzuki  et  al 
and  more  than  five  times  that  of  standard  silica  glass  (0.8 
dB/km/(pm) ).  Tajima  et  al  have  shown  that  polishing  and 
etching  the  inside  surface  of  the  air  holes  in  the  preform 
significantly  reduces  the  scattering  loss  of  the  fiber.  Additional 
efforts  to  improve  the  surface  finish  of  the  air  holes  in  the  preform 
should  reduce  the  loss  of  the  fiber  at  1550  nm  by  as  much  as  0.6 
dB/km.  The  additional  1  dB/km  loss  assigned  to  the  structural 
defect  should  be  reduced  with  additional  improvements  in 
preform  fabrication  as  well  as  improved  control  over  the  hole  size 
during  draw. 

4.  Fiber  draw. 

A  uniform  hole  size  along  the  entire  fiber  length  is  required  to 
reduce  excess  fiber  loss  due  to  mode  coupling  or  scattering.  By 
varying  the  temperature  during  draw,  the  air  hole  size  can  be 
adjusted  within  the  fiber.  Figure  5  shows  the  air  hole  size  in  the 
fiber  as  measured  with  an  optical  microscope  as  a  function  of 
temperature  showing  an  exponential  decay  in  the  hole  size  from 
3.3  to  1.0  pm  over  a  temperature  range  of  about  40°C.  Fitt  et  al. 
have  examined  the  hole  size  as  a  function  of  draw  speed,  preform 
feed  rate,  and  temperature.  [19]  The  strong  temperature 
dependence  of  the  hole  size  is  due  to  the  dependence  of  the  hole 
size  on  the  relative  ratio  of  the  surface  tension  to  the  glass 
viscosity.  Although  the  surface  tension  is  relatively  temperature 
independent,  the  viscosity,  t),  obeys,  over  a  small  temperature 

range  an  Arrhenius  relationship,  t]  oc  exp(£^  1  RT) ,  where  Ea  is 

the  activation  energy,  R  is  the  universal  gas  constant  and  T  is  the 
temperature.  Our  observed  exponential  decrease  in  hole  size  as  a 
function  of  temperature  is  in  agreement  with  the  above  theoretical 
calculations,  indicating  that  the  glass  viscosity  is  the  dominant 
term  responsible  for  hole  size  in  the  final  fiber. 

The  sensitivity  of  hole  size  upon  furnace  temperature  allows  a 
large  dynamic  range  of  hole  sizes  to  be  created  from  a  single 
preform.  However,  it  is  imperative  that  the  air  hole  size 
distribution  be  uniform  within  a  given  cross  section  as  well  as 
along  the  entire  fiber  length.  The  average  hole  size  for  the  fiber 
in  Figure  la  is  2.4  microns  with  a  standard  deviation  of  .03 
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Figure  5.  Temperature  dependence  of  hole  size  on  furnace 
temperature.  Photos  show  cross  section  of  fiber,  which  was 
drawn  at  a)  1906°C  and  b)  1936°C.  c)  Plot  of  the  average 
hole  size  as  a  function  furnace  temperature. 

5.  Conclusion 

In  the  past  two  years,  researchers  have  quickly  reduced  the 
attenuation  of  microstructured  fibers  both  by  improving  the 
structural  quality  of  the  fiber  and  adding  additional  processing 
steps  to  reduce  the  effects  of  material  contamination  and  surface 
defects.  Theoretical  calculations  suggest  that  for  reasonable  air 
fill  fractions  of  60%  or  less  with  3  to  5  rows  of  air  holes,  the 
confinement  losses  of  microstrutured  fibers  can  be  reduced  to 
values  below  1  dB/km. [  18,20]  As  the  loss  values  for 
microstructured  fibers  begin  to  approach  values  below  1  dB/km, 
the  unique  waveguiding  properties  of  microstructured  fibers 
become  significantly  more  attractive.  Fibers  reported  here  are 
rapidly  approaching  the  world’s  best  values  for  attenuation  at 
1550nm  and  have  demonstrated  the  lowest  level  of  hydroxyl  for 
any  microstructured  fiber.  Additional  efforts  to  reduce  surface 
defects  and  improve  the  structural  uniformity  of  the  fiber  both  in 
preform  fabrication  and  during  draw  should  lead  to  continued 
reduction  in  the  loss  both  for  index-guiding  as  well  as  photonic 
band  gap  fibers. 
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Abstract 

The  extremely  small  optical  transmission  of  a  sub-wavelength 
aperture  in  a  metal  film  limits  the  usefulness  of  near-field 
devices  with  super-resolution.  But  when  the  metal  surface  has 
periodic  corrugations,  a  resonant  interaction  of  the  incident 
light  with  surface  plasmon  polaritons  at  the  metal  surface  leads 
to  extra-ordinary  high  transmission  efficiencies.  We  review  the 
physics  of  the  surface  plasmon  enhanced  transmission,  and 
discuss  possible  applications. 

Keywords 
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1.  Introduction 

The  development  of  nanotechnology  drives  the  need  for 
controlling  and  positioning  light  on  length  scales  less  than 
lOOnm.  Since  the  length  scale  is  far  smaller  than  the  optical 
wavelengths,  far-field  optics  cannot  be  used  because  of  the 
diffraction  limit.  A  sub-wavelength  spot  of  light  is  most 
commonly  defined  by  a  small  aperture  in  an  otherwise  opaque 
metal  film.  The  large  disadvantage  of  such  devices  is  their 
extremely  low  transmission  efficiency. 


d/X 


Figure  1.  Throughput  of  a  circular  aperture 
in  a  metal  film. 

To  illustrate  the  efficiency  problem,  let  us  consider  the 
throughput  of  a  laser  beam  (wavelength  X)  which  has  been 


focused  to  a  spot  of  diameter  D-5X  (see  inset  of  Figure  1). 
When  the  aperture  is  large  (d>D)  the  transmission  is  unity: 
T-l.  For  smaller  apertures  (d<D)  the  transmission  simply 
follows  the  filling  fraction  f=(d/D)2,  given  by  the  ratio  of  the 
areas  of  the  aperture  and  the  illuminating  laser  spot:  T=f~(d/X)2 
(dashed  line  in  Figure  1).  At  this  geometric  (or  macroscopic) 
limit,  the  intensity  at  the  aperture  output  equals  the  intensity 
of  the  incident  light:  I0u/Iinc=l.  But  for  apertures  significantly 
smaller  than  the  diffraction  limit,  the  transmission  drops  much 
faster  with  decreasing  hole  size,  and  for  the  case  of  an  ideal 
metal  is  predicted1,2  to  follow  T~(d/X)6  (solid  line  in  Figure  1). 
Indeed  our  transmission  measurements  of  cylindrical  hole  in 
silver  films  (open  squares)  bear  this  out. 

We  have  recently  shown3  that  when  the  apertures  are 
fabricated  in  a  metal  film  of  which  the  surface  has  a  periodic 
corrugation,  the  transmission  is  enhanced  to  such  an  extent, 
that  it  can  exceed  the  geometric  limit:  the  solid  square  symbols 
in  Figure  1  fall  above  the  filling  fraction  line,  meaning  that  the 
transmission  coefficient,  the  ratio  of  the  light  intensity  at  the 
exit  and  entrance  of  the  aperture,  exceeds  unity:  WImc=T/f>l. 
This  occurs  despite  the  fact  that  the  aperture  is  well  in  the  sub¬ 
wavelength  regime.  The  enhancement  results  from  a  resonant 
interaction  of  the  incident  light  with  surface  plasmon 
polaritons,  collective  excitations  at  the  metal  surface.4,5 

We  review  here  the  physical  principles  of  the  surface  plasmon 
enhancement,  both  in  single  aperture  and  arrays  of  apertures, 
and  we  discuss  possible  applications. 


2.  Surface  Plasmon  Resonance 

Surface  plasmon  polaritons6  on  a  metal  surface  are  collective 
excitations  which  can  be  thought  of  as  surface  charge  density 
waves.  Since  they  are  longitudinal,  they  have  TM 
polarisation,  with  the  magnetic  field  in  the  plane  of  the  surface. 
The  surface  plasmon  dispersion  relation  follows 

to 

c  =  n<+rk  (1) 


where  hco  is  the  photon  energy,  k  the  wavevector,  c  the  speed 
of  light,  and  the  effective  refractive  index  is  given  by 


nefT  = 


(2) 
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where  em  and  ed  are  the  dielectric  constants  respectively  of  the 
metal  and  the  adjacent  dielectric  medium. 

The  effective  refractive  index  is  slightly  larger  than  nWed,  that 
is,  the  SP  dispersion  lies  slightly  below  the  light  line  (see 
solid  line  in  Figure  2),  reflecting  the  fact  that  a  significant 
portion  of  the  electromagnetic  fields  associated  with  the  SP  lie 
in  the  metal.  Since  the  SP  dispersion  on  a  smooth  metal  surface 
lies  entirely  below  the  light  line,  an  interaction  between 
incident  light  and  the  SP  on  the  metal  surface  is  not  allowed. 
However,  it  is  allowed  in  the  presence  of  periodic  structure  on 
the  metal  surface.7  This  gives  rise  to  zone  folding,  or  grating 
coupling,  indicated  graphically  in  Figure  2  by  the  dashed 
lines  showing  the  SP  dispersion  replicated  at  the  first 
reciprocal  lattice  vector.  There  is  a  family  of  SP  branches 
corresponding  to  higher-order  zone  folding,  which  are  not 
shown  in  Figure  1  for  clarity.  The  SP  branches  which  now  lie 
above  the  light  line  are  accessible  for  interaction  with  incident 
light.5  A  resonance  is  achieved  whenever  the  energy  and 
momentum  conservation  laws  are  obeyed. 


Figure  2.  Surface  plasmon  dispersion 
relation  at  smooth  surface  (solid  line)  and 
corrugated  surface  (dashed  lines) 

The  resonance  leads  to  a  large  enhancement  of  the  oscillating 
electric  fields  at  the  metal  surface.8,9  Because  of  the  very  large 
intensities  at  the  entrance  of  the  apertures,  the  transmission 
through  the  apertures  is  enhanced  significantly  compared  to 
that  of  the  non-resonant  case.  The  transmission  through  the 
aperture  is  still  characteristic  of  a  waveguide  beyond  cutoff, 
and  falls  exponentially  with  film  thickness,10  but  the  prefactor 
to  the  exponential  is  considerably  enhanced  compared  to  the 
incident  intensity. 

The  wavelengths  of  the  resonance  are  tunable,  since  they 
depend  on  the  geometry  of  the  surface  corrugation,  on  the  angle 
of  incidence  of  the  exciting  light,  and  on  the  dielectric  constant 
of  the  medium  over  the  metal  surface.  For  normal  incidence  on  a 
surface  with  a  square-symmetry  corrugation  with  a  lattice 
constant  P,  the  resonant  wavelengths  are  given  by5 


(3) 


Here  the  integers  (ij)  refer  to  the  reciprocal  lattice  vectors 
associated  with  the  SP  branch. 


3.  Experimental  Results 

3.1  Aperture  Arrays 

Figure  3  shows  the  zero-order  transmission  spectrum  of  a 
square  array  of  circular  apertures,  with  P=600nm  and  d=150nm, 
fabricated  by  focused-ion  beam  (FIB)  milling  of  a  300nm  thick 
silver  film.4  A  family  of  transmission  peaks  is  clearly  visible; 
the  solid-line  (red)  markers  at  the  top  of  the  figure  indicate  the 
predicted  positions  of  the  surface  plasmon  resonances  (no 
adjustable  parameters),  for  both  the  metal-air  interface,  and  the 
interface  with  the  substrate,  in  this  case  quartz.  The  fact  that 
both  sets  of  surface  plasmon  resonances  appear  in  the 
transmission  spectrum  indicates  that  the  incident  light  also 
excites  surface  plasmon  modes  on  the  dark,  unilluminated  side 
of  the  metal  film.5  The  filling  fraction  for  this  sample  is  f=5%,  so 
a  maximum  transmission  of  T=10%  corresponds  to  a 
transmission  twice  as  high  as  the  geometric  limit,  or  lout/Iinc  2. 
This  results  is  the  more  astonishing,  since  for  the  longest- 
wavelength  peak  d/X=l/6,  where  the  Bethe-Bouwkamp 
theory1,2  would  predict  IOut/Iinc=10'3. 


Silver,  P=0.6|jm 


Wavelength  (nm) 


Figure  3.  Zero-order  transmission  spectrum 
of  silver  film  perforated  with  square  array  of 
circular  apertures 

The  amplitude  of  the  zero-order  enhanced  transmission  is 
largest  for  the  longest-wavelength  resonance,  i+j=l  and 
k=neffP,  which  is  beyond  the  diffraction  limit  (k=P).  In 
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general,  for  higher  orders  (shorter  wavelength)  the 
transmission  maxima  are  lower,  because  a  significant  portion  of 
the  incident  light  is  directed  into  diffracted  orders.  Indeed, 
whenever  a  diffracted  order  emerges  tangent  to  the  metal  film,  a 
resonance  with  the  periodic  structure  at  the  surface  causes  it  to 
usurp  a  large  fraction  of  the  energy.  This  effect,  known  as  the 
Wood  s  anomaly,11  results  in  deep  minima  in  the  zero-order 
transmitted  light,  at  wavelengths  indicated  by  the  dashed 
(blue)  markers  in  Figure  3.  The  surface  plasmon  maxima  and  the 
Wood’s  anomaly  minima  occur  at  very  similar  wavelengths 
because  for  a  good  metal  such  as  silver  nc{T  is  only  slightly 
larger  than  n the  refractive  index  of  the  dielectric. 

For  a  metal  film  lying  on  a  dielectric  substrate,  in  general  the 
two  sets  of  surface  plasmon  resonances  from  the  two  sides  of 
the  metal  film  occur  at  different  wavelengths.5  However,  when 
the  refractive  indices  of  the  dielectrics  on  either  side  of  the 
metal  film  are  matched,  either  by  applying  an  index-matching 
fluid  on  a  supported  metal  film,  or  by  making  a  free-standing 
perforated  film,  the  an  additional  resonance  between  the  surface 
plasmon  modes  on  both  sides  of  the  metal  film  results  in  an 
additional  transmission  enhancement12  of  about  a  factor  10. 

3.2  Single  Apertures 

Similar  results  are  found  even  for  the  case  of  an  isolated 
aperture  in  a  metal  film,3’13  as  long  as  the  metal  surface 
surrounding  the  aperture  has  a  periodic  corrugation. 


Figure  4.  Transmission  spectra  of  single 
aperture,  enhanced  and  “bare” 

Figure  4  shows  the  transmission  spectra  of  a  single  aperture 
(d=300nm)  in  a  silver  film  of  which  the  surface  has  been 
patterned,  either  with  a  square  array  of  indentations  (dashed 
blue  line),  or  with  a  series  of  concentric  grooves  around  the 


central  aperture  (solid  red  line).  The  depth  of  the  indentations 
or  grooves  are  shallow  enough  that  no  light  passes  through 
the  metal  film  when  the  central  aperture  is  absent.  The  square- 
symmetry  surface  corrugation  clearly  shows  an  enhancement 
compared  to  the  transmission  of  a  “bare”  aperture  in  an 
otherwise  smooth  metal  film  (dotted  line  in  Figure  4). 

However,  the  ring  grooves  are  much  more  efficient  at 
generating  the  transmission  enhancement.  This  is  because  the 
two-dimensional  Huygens  waves  emanating  from  the  central 
aperture  have  circular  symmetry  and  therefore  are  much  better 
matched  to  the  surface  plasmon  modes  on  the  ring  structure 
than  those  of  the  square  array  of  dimples,  in  which  the  surface 
plasmon  modes  are  plane  waves.  Indeed,  a  systematic  study3 
has  shown  that  the  ring  structure  is  the  optimal  geometry  of 
surface  corrugation  for  generating  the  maximum  enhancement 
for  a  single  aperture.  The  rings  are  equally  spaced  with  a  radial 
periodicity  P,  the  optimal  groove  depth  is  90nm,  or  about  three 
times  the  skin  depth  of  the  metal  (in  this  case  silver).  The 
width  of  the  grooves  should  be  about  half  the  pitch,  but 
sinusoidal  or  square-wave  cross  sections  give  similar  results, 
implying  that  as  long  as  the  duty  cycle  is  50%  the  exact  cross 
section  is  less  important. 

For  the  optimal  geometry  (See  solid  square  symbols  in  Figure  1 
and  solid  line  in  Figure  4)  the  maximum  transmission 
coefficient  can  exceed  the  geometric  limit  by  a  factor  of  three. 

4.  Applications 

The  extremely  high  transmission  efficiencies,  and  the  tunability 
of  the  resonant  wavelength,  makes  surface-plasmon  enhanced 
transmission  very  promising  for  a  number  of  applications. 

High-efficienty  near  field  devices  have  the  potential  to  enable 
novel  read-write  heads  for  data  storage  devices  with 
dramatically  increased  densities.14  The  transmitted  intensities 
possible  match  those  required  for  writing  data  on  phase- 
change  media,  or  on  magnetic  media  using  heat-assisted 
magnetic  recording  (HAMR).  For  data  densities  about 
lTB/in2,  the  spot  size  should  be  about  25nm.  The  near-field 
requirement  that  the  distance  between  the  aperture  exit  and  the 
storage  media  must  be  comparable  to  the  bit  size  is  already 
fulfilled  by  current-technology  fly  heads,  which  can  hover  over 
the  storage  media  at  a  lOnm  distance. 

In  addition,  near-field  scanning  optical  microscopy  (NSOM)15 
can  benefit  greatly  from  surface-plasmon  enhanced 
transmisssion  through  subwavelength  apertures.  The 
transmission  enhancement  factor  FSp,  that  is  the  ratio  of  the 
enhanced  transmission  to  that  of  the  “bare”  aperture,  scales  as 
Fsp^l/d2,  meaning  that  the  largest  enhancement  effect  is 
obtained  for  the  smallest  apertures  where  a  transmission  boost 
is  most  needed.  The  enhanced  transmission  makes  possible  the 
probing  of  processes  which  have  so  far  eluded  NSOM  users 
because  of  the  limited  throughput  of  the  near-field  probes. 
Examples  include  very  fast  scanning  rates,  with  video-rate 
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imaging  being  the  benchmark  target,  and  the  probing  of  non¬ 
linear  optical  processes  such  as  enhanced  second-harmonic 
generation,  and  NSOM  imaging  of  Raman  scattering  processes. 
The  development  of  such  probes  would  open  up  vast  avenues 
for  progress  in  the  biological  sciences. 

Large-area  arrays  of  apertures  have  the  potential  for 
applications  as  switches,16  for  instance  in  integrated  optics 
devices,  or  in  display  devices,  especially  for  mobile 
applications.  The  proximity  of  the  surface  plasmon  enhanced 
transmission  peak  to  the  Wood’s  anomaly  minima  makes  it 
possible  to  control  the  transmission  by  varying  the  refractive 
index  of  the  adjacent  dielectric.  We  have  demonstrated  such  a 
device  using  as  the  dielectric  a  liquid  crystal  which  was  used 
not  as  a  birefringent  but  as  a  medium  of  which  the  effective 
refractive  index  can  be  varied  by  application  of  an  external 
voltage.  What  makes  surface  enhanced  transmission  devices 
particularly  attractive  for  mobile  display  devices  is  the  large 
transmission  efficiencies  which  in  practice  result  in  longer 
battery  life. 

5.  Conclusions 

One  can  boost  the  transmission  of  even  very  small,  sub¬ 
wavelength  apertures  in  metal  films  considerably  by  placing  a 
surface  corrugation  in  the  vicinity  of  the  aperture(s).  This 
allows  an  interaction  of  the  light  incident  on  the  metal  surface 
with  surface  plasmon  polaritons.  When  the  interaction  is 
resonant  there  is  a  large  electric  field  enhancement  at  the 
surface,  similar  to  that  observed  in  surface-enhanced  Raman 
scattering  (SERS)  which  gives  rise  to  a  large  enhancement  in 
the  transmission  through  the  subwavelength  aperture.  The 
wavelength  at  which  the  resonance  occurs  is  tunable:  the 
surface  corrugation  fabricated  with  a  pitch  matching  that  of  the 
desired  laser  wavelength.  The  rather  large  width  (~60nm)  of 
the  resonances  allows  some  room  for  spectroscopic 


measurements.  We  expect  this  phenomenon  to  be  important  in 
a  diverse  variety  of  applications  requiring  high  controllable 
transmission  and  very  high  resolution. 
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Abstract 

Several  different  cable  constructions  exist  to  protect  optical  fibres 
from  all  kind  of  stresses  during  manufacturing,  storage,  transport, 
installation  and  operation.  The  loose  tube  cable  design  has  become 
very  popular  as  the  buffer  tube  can  easily  be  stripped  for  jointing. 

A  material  suitable  for  loose  tube  buffers  must  fulfill  several  re¬ 
quirements.  The  buffer  must  hold  its  dimension,  be  tough,  have 
good  heat  ageing  properties  and  be  flexible.  Polybutylene  tereph- 

thalate  (PBT)  and  polyamide  (PA)  have  traditionally  been  used  in  loose  tube 
buffers.  Polypropylene  (PP)  has  many  properties  that  are  advantage¬ 
ous  such  as  low  density,  flexibility  at  low  temperatures,  good  pro¬ 
cessability,  hydrolytical  stability  and  low  cost.  Furthermore,  PP  is 
not  sensitive  to  kinking.  The  most  important  aspect  of  the  manufac¬ 
turing  process  for  loose  buffers  is  the  precise  matching  of  the  length 
of  the  buffer  tube  with  the  optical  fibre.  The  tube  is  extruded  around 
fibres  and  simultaneously  filled  with  gel.  This  three-phase  system 
has  to  be  optimised. 

This  study  was  made  in  order  to  investigate  which  structure  proper¬ 
ties  of  heterophasic  PP  copolymers  affect  one  of  the  main  require¬ 
ments  for  loose  tube  buffers,  namely  the  excess  fibre  length  (EFL)  and 
shrinkage. 

Keywords 

Polypropylene;  PP;  heterophasic  copolymers;  loose  tube  buffers; 
excess  fibre  length;  shrinkage. 

1.  Introduction 

Polypropylene  (PP),  the  most  versatile  commodity  polymer,  has 
been  and  remains  the  fastest  growing  major  polymer.  The  con¬ 
sumption  today  is  around  30  million  tons  globally  and  an  estimated 
consumption  of  40  million  tons  in  2005  [  1  ].  PP  homopolymers,  ran¬ 
dom  copolymers  and  heterophasic  copolymers  are  known  to  give  a 
broad  range  of  material  properties.  Polypropylene  (PP)  has  many 
properties  that  are  advantageous  such  as  low  density  (<900-9 1 7  kg/m’, 
depending  on  comonomer  content),  flexibility  at  low  temperatures! 
good  processability,  hydrolytical  stability  and  low  cost.  Development  of 
new  highly  efficient  catalysts  and  new  process  technologies  (e.g. 
Borstaf*  technology)  has  further  enlarged  the  possibilities  to  produ¬ 
ce  higher  value  enhanced  performance  products  that  meet  new  mar¬ 
ket  needs. 

PP  homopolymers  are  tailored  by  the  tacticity,  stereoregularity. 
They  have  high  melting  temperature  of  160-1 66°C.  The  stiffness  is 
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high  but  the  impact  properties  are  low.  Random  copolymers  are  sta¬ 
tistical  copolymers  with  one  or  several  comonomers  (generally 
ethylene).  They  have  low  melting  temperature  130-150°C.  The 
stiffness  is  low  depending  on  the  comonomer  amount  incorporated. 
The  impact  properties  are  low  at  temperatures  below  room  tempe¬ 
rature. 

A  good  balance  of  stiffness  and  low  temperature  impact  is  the  key 
for  using  and  tailoring  the  properties  of  the  heterophasic  PP  copoly¬ 
mers.  A  heterophasic  PP  copolymer  is  also  known  as  ‘impact  PP  co¬ 
polymer’  or  ‘PP  block  copolymer’.  The  heterophasic  copolymers 
are  PP  reactor  blends.  The  final  product  is  a  complex  system  con¬ 
sisting  of  a  PP  homopolymer  or  a  random  copolymer  matrix  with  et¬ 
hylene-propylene  copolymers  dispersed  into  it  (see  Figure  1,  trans¬ 
mission  electron  microscopy  (TEM)  image).  The  properties  are 
achieved  with  a  polymer  structure  where  an  elastomeric  phase,  usu¬ 
ally  ethylene-propylene  copolymer  rubber,  is  dispersed  uniformly 
within  the  PP  homopolymer  matrix  [2]. 

The  PP  homopolymer  matrix  with  high  stereoregularity  gives  the 
stiffness  of  the  copolymers.  The  matrix  share  can  be  in  the  range  of 
60-90  w%  of  the  heterophasic  copolymer.  The  matrix  can  also  be 
tailored  for  high  melt  strength  and  right  flowability. 

The  rubbery  copolymer  phase  designed  by  the  content,  the  compo¬ 
sition  and  the  dispersion  gives  the  low  temperature  impact  properti¬ 
es  of  the  heterophasic  copolymers. 


Figure  1.  Rubber  particles  distributed  in  a 
heterophasic  PP  copolymer  (TEM  image) 


International  Wire  &  Cable  Symposium 


348 


Proceedings  of  the  51st  IWCS 


The  trend  of  the  market  is  to  enhance  the  rigidity  of  material  while  re¬ 
taining  the  impact  properties.  This  can  be  done  by  adding  different 
kinds  of  external  nucleating  agents.  When  using  Borstal®  PP  tech¬ 
nology  it  is  possible  to  control  crystallisation  and  maximise  the  stiff¬ 
ness  properties  and/or  reduce  the  cycle  times  in  processing  due  to  fast 
crystallisation  without  these  external  nucleators. 

Borstar®  PP  technology  creates  new  possibilities  for  product  differen¬ 
tiation  in  extrusion  for  film,  pipe  and  cable  applications,  moulding  for 
thin  wall  and  transport  packaging. 

Several  different  cable  constructions  exist  to  protect  optical  fibres 
from  all  kind  of  stresses  during  manufacturing,  storage,  transport,  in¬ 
stallation  and  operation.  Filled  loose  tube  cables  represent  the  largest 
category  among  fibre  optic  telecommunication  cables  [3]. 

A  material  suitable  for  loose  tube  buffers  must  fulfill  several  require¬ 
ments.  The  buffer  must  hold  its  dimension,  be  tough,  have  good  heat 
ageing  properties  and  be  flexible.  Polybutylene  terephthalate  (PBT) 
and  polyamide  (PA)  have  traditionally  been  used  in  loose  tube  buffers. 
Recently  studies  of  the  use  of  polypropylene  (PP)  have  been  reported 
[4, 5, 6, 7, 8].  PP  has  many  properties  that  are  advantageous  for  buffer 
tubes,  as  mentioned  above.  Furthermore,  PP  is  not  sensitive  to  kink¬ 
ing.  The  most  important  aspect  of  the  manufacturing  process  for  loose 
buffers  is  the  precise  matching  of  the  length  of  the  buffer  tube  with  the 
optical  fibre.  The  tube  is  extruded  around  fibres  and  simultaneously 
filled  with  a  gel.  This  three-phase  system  has  to  be  optimised  [3]. 
This  study  was  made  in  order  to  investigate  which  structure  proper¬ 
ties  of  heterophasic  PP  copolymers  affect  one  of  the  main  require¬ 
ments  for  loose  tube  buffers,  namely  the  excess  fibre  length  (EFL)  and 
shrinkage. 

2-  Experimental 

2.1  Materials 


Table  1 .  Heterophasic  PP  copolymers  studied 


PP  copolymer 

MFR2 
(230°C) 
g/ 10  min 

Nucleation 

type 

Ethylene  content 
(w%) 

BD1 

7.1 

No 

7.8 

BC2 

3.5 

Weak 

8.8 

BB6 

1.5 

No 

9 

BBp 

1.4 

Strong 

4.6 

BCp 

3.5 

Strong 

4.8 

BB3 

4 

Borstar 

6.3 

BB4 

3 

Borstar 

8.3 

BA4 

4 

Borstar 

8.2 

The  heterophasic  PP  copolymers  investigated  in  this  study  are 
shown  in  Table  1.  The  copolymers  had  different  MFR,  rubber  con¬ 
tent  and  nucleation  type.  All  the  copolymers  have  good  stiffness  of 
1400  - 1 500  MPa  and  good  low  temperature  impact.  The  rubber  con¬ 
tent  is  indicated  by  the  ethylene  content  (C2  in  w%)  in  the  polymer. 
The  molar  mass  (Mw)  of  the  rubber  is  usually  measured  by  intrinsic 
viscosity  (IV)  in  decaline.  The  similar  copolymers,  BCp,  BB4  and 
BA4  have  low  Mw(TV  =  2,5  dl/g)  and  BB3  has  high  Mw  (JV  =  3  dl/g). 
Nucleation  indicated  by  ‘weak’  corresponds  to  a  weak  nucleating 
agent  (as  talc  here).  ‘Strong’  again  relates  to  a  strong  nucleator  (as 
Na-benzoate  or  Na-phenylenephosphate).  Borstar  corresponds  to 
Borstar®  PP  technology  mentioned  above  (without  external  nucle¬ 
ation  agents). 


PP  buffering  requires  a  special  jelly  composition.  The  thixotropic 
gel,  which  was  used  in  this  study,  was  chosen  according  to  an  earli¬ 
er  study  where  the  jelly  selection  was  optimized  for  high  speed  PP 
buffering  [8]. 

2.2  Test  Methods 

MFR  was  measured  according  to  ISO  1133  (at  230°C  and  2.16  kg 
load).  Ethylene  content  was  determined  by  FTIR  (Fourier  Transform 
Infrared  Spectroscopy)  calibrated  with  PP  materials  that  were  pre¬ 
viously  measured  by  NMR  (Nuclear  Magnetic  Resonance  Spectrometer). 
DSC  (Differential  Scanning  Calorimeter)  measurements  for  crystallisa¬ 
tion  temperature  were  done  by  an  internal  method  using  a  cooling 
speed  of  80°C/min  from  a  210°C  melt. 

Excess  fibre  length  (EFL)  was  measured  from  40-meter  samples  in¬ 
stantaneously  after  the  processing.  40-meter  sample  was  placed  on 
the  table  and  5-meter  sample  was  cut  out  in  the  middle  of  the  sam¬ 
ple.  The  fibres  were  pulled  out  and  the  length  of  the  fibres  was  com¬ 
pared  to  the  length  of  the  tube. 

Some  further  investigations  were  carried  out  in  order  to  verify  the 
EFL  behaviour  as  a  function  of  time.  The  tube  was  stored  at  ambi¬ 
ent  temperature  on  the  reel  and  the  EFL  was  measured  24  hours  after 
processing  the  sample.  This  measurement  was  then  treated  as  the 
shrinkage  of  the  buffer  tube. 

2.3  Experimental  Set-Up 

A  high-speed  secondary  coating  line  was  used  in  this  study.  Figure 
2  presents  the  line  configuration.  It  consists  of  a  fibre  pay-off,  con¬ 
tinuous  jelly  filling  system,  60-mm  extruder,  cooling  trough  and  au¬ 
tomatic  dual  take-up.  The  cooling  system  is  equipped  with  a  middle 
capstan  that  is  placed  over  the  cooling  trough.  The  location  of  the 
middle  capstan  can  be  optimised  according  to  the  process  needs.  The 
line  speed  was  set  to  be  200  m/min. 


Figure  2.  Secondary  coating  line 

3.  Results 

3. 1  MFR  and  nucleation 

A  too  high  or  low  MFR  affects  the  melt  strength  and  thus  the  ex- 
trudability  of  the  buffer  tubes.  The  PP  copolymers  BD1 ,  BC2,  BB6 
and  BBp  with  a  MFR  from  7  to  1,5  were  used  for  this  evaluation. 
The  MFR  7  material  BD1  gave  lumpy,  uneven  tubes  and  the  BB6 
and  BBp  materials  showed  bad  processability  due  to  the  low  MFR. 
The  best  processability  of  the  buffer  tubes  was  reached  for  PP 
copolymers  with  MFR  3-5. 

In  addition  the  PP  copolymers  had  to  maintain  fast  crystallisation  in 
order  to  obtain  fast  freezing  of  the  tube  without  deformation.  The 
fast  freezing  of  the  PP  copolymers  was  tested  by  DSC  with  high 
cooling  speed  of  S0°C/min.  The  results  are  seen  in  table  2. 
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Table  2.  Freezing  of  the  PP  copolymer  due  to 
different  crystallization  techniques 


PP  copolymer 

Ter  (°C) 
with  -80°C/min 

EFL  (%) 

Nucleation 

BC2 

103 

0.1 

Weak 

Bp 

113 

0.07 

Strong 

BB3 

112 

0.05 

Borstar 

BB4 

111 

0.04 

Borstar 

The  Borstar  concept  showed  a  similar  freezing  effect  as  a  polymer 
with  strong  nucleating  agent  incorporated.  The  positive  effect  on  ex¬ 
cess  fiber  length  was  also  seen. 

3.2  Rubber  Content  and  Composition 

The  rubber  amount  is  the  main  parameter  giving  the  low  tempera¬ 
ture  impact  properties  of  the  heterophasic  PP  copolymers.  In  addi¬ 
tion  the  content  affects  indirectly  the  shrinkage  of  the  copolymer  be¬ 
cause  only  the  crystalline  matrix  can  shrink  in  the  extrusion  process. 
The  more  rubber  incorporated  in  the  copolymer  the  less  matrix  is 
present  and  thus  less  shrinkage  is  obtained.  The  rubber  composition 
again  affects  the  dispersion  of  the  rubber  particles  in  the  PP  matrix. 
A  lower  Mw  of  the  rubber  is  an  advantage  in  this  high-speed  appli¬ 
cation. 

The  following  PP  copolymers  were  tested,  see  table  3. 


Table  3.  The  effect  of  rubber  on  EFL  and  shrinkage 


PP 

copolymer 

Rubber 
C2  (w%) 

Rubber 

Mw 

EFL 

(%) 

Shrinkage 

(%> 

BCp 

4.8 

Low 

0.07 

0.14 

BB3 

6.3 

High 

0.05 

0.12 

BB4 

6.3 

Low 

0.04 

0.09 

BA4 

8.2 

Low 

0.03 

0.05 

The  results  show  that  the  higher  rubber  content  (high  Cl  content) 
gave  a  shorter  excess  fiber  length  (EFL)  but  also  less  shrinkage 
(measured  from  buffer  tubes  on  reel)  than  the  materials  with  less 
rubber.  A  higher  Mw  of  the  rubber  indicates  to  give  more  shrinkage. 

3.3  Matrix  Stereoregularity 

For  high  stiffness  heterophasic  PP  copolymers  the  matrix  is  pro¬ 
duced  with  a  high  isotacticity  (stereoregularity).  With  higher  tactic- 
ity  the  crystallinity  is  increased  and  thus  also  the  shrinkage  ability. 
Therefore  the  matrix  for  optimised  PP  copolymers  for  buffer  tubes 
should  be  tailored  for  high  enough  stiffness  but  with  low  shrinkage. 
In  Table  3  the  PP  copolymer  BA4  was  produced  with  lower  tactici- 
ty  compared  to  the  BB4  material.  The  measured  shrinkage  was 
clearly  decreased. 

3.4  Effect  of  Process  Parameters 

The  main  process  parameters  as  the  pay-off  tension,  line  speed, 
cooling  water  (trough)  temperature  and  position  of  the  middle  cap¬ 
stan  (DWC)  were  investigated  in  terms  of  excess  fiber  length  (EFL). 
Table  4  presents  the  main  effects  of  the  process  parameters  on  EFL 
and  shrinkage. 


Table  4.  Effect  of  line  parameters  on  EFL  and 
on  shrinkage 


Process  parameter 

EFL 

Shrinkage 

Increase  of: 

-  Line  speed 

A 

-  Capstan  position 

\ 

-  Water  temperature 

/ 

\ 

-Fiber  tension 

\ 

EFL  and  shrinkage  are  increased  as  a  function  of  line  speed.  Rapid 
cooling  under  tension  can  create  internal  stress  if  the  crystallisation 
process  is  not  fast  enough. 


The  capstan  position  plays  an  important  role  in  PP  buffering.  The 
EFL  range  can  be  controlled  from  0.05%  to  0.30%  by  only  chang¬ 
ing  the  capstan  position.  When  the  middle  capstan  is  too  close  to  the 
cross  head  then  the  crystallization  will  dramatically  affect  on  EFL. 
The  tube  crystallises  on  the  middle  capstan  and  it  will  lead  to  un¬ 
controlled  EFL  and  high  shrink  back  characteristics. 

Cooling  water  temperature  has  a  strong  effect  on  EFL,  which  is  in¬ 
creased  exponentially  with  temperature.  When  cooling  water  tem¬ 
perature  is  increased  then  the  shrinkage  is  decreased. 

The  increase  of  the  pay  off  tension  decreases  the  EFL  rather  linear¬ 
ly  which  seems  to  correspond  with  the  theoretical  value  of  the  fiber 
strain  at  the  set  tension.  When  the  pay  off  tension  is  increased  above 
lHH  decrease  of  the  EFL  will  slow  down.  The  phenomenon  is 
typical  also  for  PBT  production.  When  the  tube  leaves  the  middle 
capstan,  the  high  strain  of  the  fibers  will  be  released  and  then  de¬ 
creasing  the  EFL.  The  relaxation  of  the  fiber  strain  starts  to  have  an 
effect  also  on  the  tube.  The  strain  is  slightly  decreasing  the  shrink 
back  tendency  of  the  tube. 

4.  Conclusions 

The  properties  of  great  importance  for  loose  tube  buffers,  namely 
shrinkage  and  processability,  can  clearly  be  improved  by  tailoring 
heterophasic  PP  copolymers. 

Table  5  shows  the  lowest  EFL  and  shrinkage  that  can  be  reached  by 
tailoring  heterophasic  PP  copolymers  for  this  application.  The  ma¬ 
trix  should  be  optimised  for  tacticity,  MFR  and  right  control  of  crys¬ 
tallisation. 


Table  5.  Effect  of  PP  structure  properties  vs. 
buffer  tube  properties 


PP  parameter 

High 

Processbility 

Low  EFL 

Low' 

Shrinkage 

Tacticity  of 
matrix 

Low 

Low 

Low 

MFR 

Optimum  MFR 
3-5 

Nucleation 

Controlled 

crystallisation 

Strong 

Strong 

Rubber 

content 

Medium/High 

Medium/ 

High 

Medium/ 

High 

Rubber  Mw 

Low 

Low 

Low' 
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This  control  of  crystallization  can  be  obtained  by  strong  nucleating 
agents  or  Borstar  technology.  The  rubber  content  should  be  high 
enough  for  good  impact  properties  and  the  rubber  composition 
should  be  optimised  for  good  dispersion  of  the  rubber  particles.  The 
correct  selectionof  polymer  and  gel  together  with  optimised  process 
parameters  can  guarantee  a  high-quality  PP  buffering  process. 
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Abstract 


In  this  study  the  we  were  comparing  the  post  shrinkage  behavior 
of  PBT,  PP  and  HDPE.  For  that  purpose  we  developed  a  central 
tube  buffering  process  with  minimized  post  shrinkage  and 
possibility  to  control  the  fiber  excess  length  from  negative  to  very 
high  positive  values. 

The  condition  for  low  post  shrinkage  is  that  the  material  is 
crystallizing  in  cooling  trough  as  much  as  possible.  This  was 
realized  by  so  called  Yelaxation  zone',  where  the  tube  was  heated 
up  by  a  hot  water.  At  the  same  time  the  tube  must  be  under  no 
tension  to  enable  the  relaxation. 

A  series  of  ribbon  buffering  processes  with  excess  lengths  from 
zero  to  very  high  values  were  used  to  compare  the  three  materials. 

The  line  configuration  and  test  results  are  presented  and  analyzed 
in  this  paper. 

Keywords 
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1.  Introduction 


Major  reasons  for  post  production  shrinkage  of  loose  buffer  tubes 
are 


1)  Due  to  high  processing  speeds  the  crystallization  is  incomplete 
and  will  continue  after  the  process. 


2)  Fast  cooling  under  tension  and  the  nonlinear  cross  sectional 
temperature  distribution  causes  thermal  stresses. 


Annealing  the  tube  in  hot  water  in  some  stage  of  the  process  will 
enhance  the  crystallization  speed  and  also  releases  the  thermal 
stresses,  thus  minimizing  the  post  shrinkage.  Precondition  is  that 
this  annealing  happens  under  minimum  tube  tension.  In  this  work 
we  studied  the  effect  of  this  annealing  on  PBT,  PP  and  PE  buffer 
tube  process. 


Another  method  used  for  minimizing  the  post  shrinkage  was 
compressing  the  buffer  tube  during  the  production. 

Compressing  between  two  haul-off  is  possible,  if  the  fiber  or 
ribbon  bundle  inside  the  tube  has  high  enough  tension  to  keep  the 
tube  straight. 


The  line  lay-out  in  figure  1  was  set  up  in  order  to  utilize  the 
annealing  and  the  compressing  methods. 


P-0  Ex 


Figure  1:  Line  configuration 

zl...z4,  thermo  controlled 
z5  cold  zone 

z3  tension  either  speed  difference  or  tension  control 
z4/z5  tension  minimized 
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post  shrinkage  [%o]  |  post  shrinkage  [%<>] 


This  lay-out  was  designed  to  fulfil  the  following  assumptions: 


1 .  The  condition  for  low  post  shrinkage  is  that  the  material  is 
crystallizing  in  cooling  trough  as  much  as  possible.  This 
was  realized  by  so  called  'relaxation  zone',  where  the  tube 
was  heated  up  by  a  hot  water,  in  order  to  enhance  the 
crystallization.  At  the  same  time  the  tube  must  be  under  no 
tension  to  enable  the  relaxation.  Furthermore  the  condition 
for  zero  post  shrinkage  is  that  the  tube  is  compressed 
during  the  process.  This  was  realized  by  the  negative  speed 
difference  between  the  caterpillar  CA1  and  the  dual  wheel 
belt  capstan  CA2. 

2.  The  condition  for  very  high  excess  length  value  is  that 
excessive  length  of  fiber  can  be  pulled  into  the  buffer  tube. 
This  was  realized  by  controlled  stretching  of  the  tube 
between  the  caterpillar  CA1  and  the  dual  wheel  belt 
capstan  CA2,  which  is  pulling  more  fiber  into  the  tube.  In 
this  case  the  relaxation  must  happen  after  the  stretching. 


The  relaxation  of  the  tube  is  especially  important  in  the  high 
excess  length  process,  where  the  tube  is  first  stretched.  Besides 
the  material  properties,  also  the  process  parameters  are  affecting 
shrink  back.  That’s  why  we  made  tests  with  sheer  tube  to 
determine  the  plastic  material  properties,  and  then  the  whole 
process  with  6xl2-fiber  ribbon  buffering. 

2.  Relaxation  of  sheer  tube 

All  three  plastic  grades  (PBT,  PP  and  PE)  used  here  are 
commonly  used  in  cable  factories  for  loose  tube  buffering.  To 
study  the  effect  of  the  relaxation  zone  on  these  materials,  we 
produced  sheer  tube.  Stretching  was  done  in  zone  three  (z3  in 
fig.  1)  and  relaxation  in  zone  four  (z4). 

Test  conditions: 


3.  The  condition  for  negative  fiber  excess  length  is  low 

crystallization  after  the  locking  point  of  the  fibers  (dual  Line  sPeed 

wheel  belt  capstan  CA2)  and  high  pay-off  tension  for  the  Tube  dimensions 

fibers  (ribbons)  before  the  locking  point.  In  this  case  the 
relaxation  must  happen  already  before  the  first  caterpillar 
CA1. 


70  m/min 
5.0/3.4  mm 


Post  shrinkage,  PBT 

relaxation  (hot  z4>:  40-17-CA1-17-CA2- 80-13  °C 
taxation  (cold  z4):  40-17-CA1-17-CA2-17-13  *C 


mmmsmam mam 

■  1  SPl 


relaxation 
no  relaxation 


stretchlng-%o 


Figure  2:  The  effect  of  the  relaxation  on  sheer  tube 
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For  PBT  and  PE  the  relaxation  method  seemed  to  have 
remarkable  effect  after  stretching  the  tube.  As  expected  for  the 
PP  tube  the  effect  of  the  relaxation  was  not  so  drastic.  A  longer 

3.  Ribbon  buffering  tests 

For  excess  length  and  post  shrinkage  tests  we  produced  6x  12- 
fiber  ribbon  in  tube,  id/od  5. 0/7. 5  mm.  This  relatively  small 
number  of  ribbons  was  selected  in  order  to  save  the  scarce 
ribbon  material,  but  the  wall  thickness  was  kept  thick  (1.25 
mm)  so  the  cross  sectional  area  of  the  tube  is  equal  to  typical 
1 2x  1 2-fiber  product. 


Measurements 


For  each  sample  we  measured  the  ribbon  excess  length  (5  m 
sample),  post  shrinkage  of  the  tube  after  24  hours  in  room 
temperature  (5  m  sample)  and  tube  shrinkage  after  one  hour  in  60  °C 
(average  of  three  one  meter  samples  cooled  to  room  temperature 
after  annealing). 


dwelling  time  in  relaxation  trough  might  give  lower  shrinkage 
values  for  PP. 


Process  parameters  and  test  results 

Three  different  methods  were  used  to  control  the  excess  length 

I)  For  high  excess  length  values  the  tube  was  stretched  between  CA2  and 
CA1  (zone  3).  Relaxation  under  minimum  tension  in  zone  4. 

II)  Temperature  difference  on  both  sides  of  the  locking  point  CA2  for 
fibers.  Relaxation  in  zone  2.  CA2-CA1  speed  difference  negative 
(compression  of  the  tube). 

III)  High  fiber/ribbon  tension  for  zero  or  negative  excess  length. 
Relaxation  in  zone  2.  CA2-CA1  speed  difference  negative  (compression 
of  the  tube). 


Post  shrinkage  vs.  excess  length,  6x12-f,  7.5/5.0  mm  PBT 


-2.00  0.00  2.00  4.00  6.00  8.00  10.00  12.00 


excess  length  [%o] 

Figure  3.Excess  length  controlled  mainly  by 

(I)  controlled  stretching,  relaxation  in  z4 

(II)  thermal  shrinkage,  relaxation  in  z2 

(III)  ribbon  stack  tension,  relaxation  in  z2 

Zero  or  negative  post  shrinkage  in  method  (II)  and  (III)  is  possible,  because  after  24  hours  in  room  temperature  the  shrinkage  was  always 
because  in  this  process  the  tube  was  actually  compressed  between  the  positive,  although  the  values  were  small. 

CA1  and  CA2,  as  can  be  seen  from  the  negative  speed  difference. 

Compressing  seemed  to  give  even  negative  shrinkage  values  after  1  h 
annealing  in  60  °C  .  Nevertheless  this  was  not  a  stable  condition, 
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The  effect  of  the  relaxation  zone 


To  determine  the  effect  of  the  relaxation  zone,  we  produced  a  reference  sample  with  each  three  methods  mentioned  above,  but  without  relaxation. 


6x12-f,  5.Q/7.5  nrnPBT 
1  hin60°C 


-2.0  0.0  20  40  6.0  8.0  10.0  12.0 


excess  length  [%o] 


Figure  4:Effect  of  the  relaxation  on  PBT  tube 

The  results  indicate  that  relaxation  has  remarkable  affect  on  both  (controlled  stretching)  the  needed  stretching  force  for  desired 

post  shrinkage  and  excess  length  itself.  Especially  by  method  (I)  excess  length  value  is  much  smaller  when  relaxation  is  used. 


3.1  Combined  results  for  PBT,  PP  and  PE  buffering  process 


£ 

0) 


6x12-f,  7.5/5.0  mm 
1h@60  °C 


■  PBT  1  h@60C 
-PP  1  h@60C 
PE  1  h@60C 


excess  length  [%<J 


Figure  5a:  Excess  length  vs.  post  shrinkage,  annealing  1  h  in  60  °C 
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excess  length  [%o] 


Figure  5b:  Excess  length  vs.  post  shrinkage,  24  h  in  room  temperature 


4.  Conclusions 


Zero  post  shrinkage  was  achieved  with  small  excess  length  value 
products.  For  very  high  excess  length  value  products  the  post 
shrinkage  was  remarkable  low  with  PBT.  For  PP  the  effect  of 
relaxation  is  not  very  big.  This  results  to  higher  shrink  back  values 
at  high  excess  length  process.  Secondary  effect  is  that  it  is  not  easy 
to  reach  very  high  excess  length  values  with  PP,  because  relaxation 
is  not  creating  so  much  'extra'  excess  length. 

The  assumptions  about  the  enhanced  crystallization  and  compressing 


Juha  Kotala 


Nextrom  Oy 
P.O.Box  44 


the  tube  proved  to  be  right.  Even  better  results  with  high  excess  length 
values  might  be  possible  by  optimization  of  the  cooling  profile  and  the 
amount  of  compressing. 
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Abstract 

In  this  paper,  we  investigate  the  limitations  for  the  on-line  proof 
testing  of  optical  fiber.  The  strength  of  optical  fiber  is  strongly 
dependent  on  stress  corrosion.  This  chemical  reaction  does  not 
occur  immediately  after  the  drawing  process,  and  it  takes  several 
minutes  before  the  strength  of  optical  fiber  is  balanced  to  the 
normal  level.  This  is  primarily  due  to  moisture,  which  diffuses 
from  the  ambient  environment  through  the  coating  material  to  the 
surface  of  the  glass. 

Another  interesting  issue  that  is  investigated  in  this  study  is  the 
dwell  time  of  the  proof  test.  Due  to  the  increased  production 
speed  that  shortens  the  dwell  time,  the  lifetime  estimations 
calculated  with  the  commonly  used  power  law  will  be  decreased. 
This  can  be  compensated  by  raising  the  tension  of  the  proof  test. 

Finally,  we  set  up  a  test  for  an  automatic  break  recovery  system. 
The  basic  idea  is  to  investigate  the  problems  of  threading  fiber 
inside  a  tube  during  random  fiber  breaks  when  proof  testing  at  full 
line  speed. 

Keywords 

Proof  test;  mechanical  strength;  mechanical  reliability;  on-line 
proof  testing;  dwell  time. 

1.  Introduction 

The  highly  competitive  optical  fiber  cable  business  forces  cable 
machinery  manufactures  to  develop  highly  efficient  equipment 
with  the  highest  production  capacity.  With  an  on-line  proof  tester 
we  can  combine  two  separated  processes,  the  fiber  draw  and  the 
proof  test.  By  using  this  approach  the  setup  times  can  be  reduced, 
and  therefore  remarkable  economical  benefits  can  be  achieved. 

There  are  some  theoretical  as  well  as  practical  problems 
concerning  the  on-line  proof  tester.  The  greatest  problem  has  been 
the  constraints  on  proof  testing  fiber  immediately  after  the  draw. 
The  main  issue  is  to  maintain  the  mechanical  reliability  at  the 
same  high  level  as  with  proof  testing  fiber  with  a  conventional 
proof  tester.  This  is  a  combination  of  well-maintained  proof 
tension  and  dwell  time.  Recovering  from  a  random  fiber  break  is 
the  biggest  challenge  for  the  machinery.  The  on-line  proof  tester 
has  to  be  able  to  handle  fiber  breaks  at  full  line  speed  without 
disturbing  the  draw  process.  The  reel  change  has  to  also  be  done 
without  disturbing  production. 


2.  Theory 

2.1  The  Effect  of  Water  on  the  Strength 

When  drawing  fiber,  the  preform  has  to  be  heated  to 
approximately  2000°C.  The  fiber  cools  rapidly  during  the  draw 
and  remains  dry.  If  the  fracture  strain  of  the  fiber  is  measured 
immediately  after  the  draw  [1],  an  obvious  decrease  in  strain 
during  the  time  after  draw  is  seen.  The  value  of  the  fiber  strength 
decreases  in  a  similar  way. 


Figure  1.  Fracture  strain  for  dynamic  fatigue 
measurements  of  fiber  as  a  function  of  time  t  after 
drawing  from  the  preform.  [1] 

This  phenomenon  is  caused  by  stress  corrosion,  the  effect  of 
which  begins  immediately  after  stress  is  applied  on  the  fiber,  and 
moisture  is  diffused  through  the  coating  material  to  the  surface  of 
the  glass.  The  water  entry  into  a  glass  can  promote  structural 
relaxation,  and  this  leads  to  strength  reduction.  Figure  1  shows 
that  fracture  strain  balances  in  50  minutes  after  the  draw.  This 
value  is  dependent  on  the  coating  material's  permeability  for 
water.  The  coating  material’s  main  functions  are  to  protect  the 
fiber  from  mechanical  abrasion  and  to  reduce  microbending; 
however,  it  also  works  as  a  diffusion  barrier  against  water. 

Figure  2  shows  the  raw  data  for  strength  as  a  function  of  time 
after  changing  the  ambient  environment  for  the  acrylate, 
polyimide,  and  silicone-coated  fibers  [2].  A  two-point  bend 
apparatus  was  used  to  measure  the  strength  of  fiber  and  it  was 
operated  with  a  constant  faceplate  velocity  of  5000  //m/s.  Twenty 
samples  were  broken  at  each  humidity  level.  For  all  the  coatings, 
moisture  penetrates  on  a  time  scale  of  ~102  -  103  s  [2].  It  can  be 
seen  in  Figure  1  that  fracture  strain  balances  simultaneously. 
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10’  10*  103  104  10s 

Time,  f(*) 


Figure  2.  Strength  as  a  function  of  time  after 
suddenly  changing  the  ambient  humidity  for  the 
diffusion  of  moisture  into  (•)  and  out  of  (o)  single- 
acrylate-coated  fibers,  polyimide  fibers,  and 
silicone-coated  fibers  [2] 

If  we  consider  proof  testing  fiber  immediately  after  the  draw,  we 
have  to  take  into  account  the  fact  that  fiber  is  considerably  dry  (as 
in  an  inert  environment),  and  the  strength  balances  only  after 
several  minutes  from  the  draw.  In  that  case  the  proof  test  tension 
has  to  be  multiple  compared  to  a  conventional  proof  tester,  and 
that  would  cause  the  weak  spot  to  fracture.  Therefore,  the  chances 
of  damaging  the  warm  and  soft  coating  are  higher.  The  preferred 
manner  would  be  to  wait  for  some  time  after  the  draw  and  execute 
the  proof  test  later. 

2.2  The  Effect  of  the  Coating  Material  on 
Mechanical  Properties  of  Optical  Fiber 

Earlier  the  theory  determined  the  strength  of  fiber  almost  entirely 
based  on  the  strength  of  the  glass.  Due  to  changes  in  dynamic 
fatigue  test  results,  the  behavior  of  the  coating  material  in 
different  strain  rates  has  been  studied.  It  has  to  be  noted  that  75 
percent  of  the  volume  of  fiber  is  coating  material  and  only  25 
percent  is  glass. 

Standards  (IEC  60793-1-30,  TIA/EIA-455-31C)  state  that  proof 
stress  shall  be  applied  uniformly  through  the  cross-sectional  area 
of  the  test  sample  [3, 4].  When  the  results  of  dynamic  fatigue  tests 
are  examined,  it  is  seen  that  contribution  of  the  secondary  coating 
can  significantly  affect  the  dynamic  fatigue  measurement  of 


optical  fiber  [5].  Test  was  performed  using  six  different  stress 
rates:  0.005  %,  0.025  %,  0.25  %,  2,5  %,  25  %  and  100  %  per 
minute  of  gage  length. 

The  problem  has  been  the  so-called  S-shape  existence  within  the 
log-stress  rate/log-break  stress  curve  of  the  dynamic  fatigue  test. 
It  has  been  proven  that  the  strength  of  the  fiber  coating  Is  strain 
rate  dependent,  and  that  the  contribution  of  the  secondary  coating 
can  significantly  affect  the  dynamic  fatigue  measurement  of 
optical  fiber.  The  thicker  the  coating,  the  more  load  is  exerted  on 
the  coating.  The  effect  is  also  similar  when  using  high  strain 
speeds,  the  faster  the  strain  rate,  the  more  load  the  coating  carries 

[5] 

Optical  fiber  manufactures  commonly  use  the  proof  test  tension  of 
0,69  GPa,  which  correlates  to  elongation  of  1  %.  Due  to  increased 
production  speeds,  the  loading  rate  of  the  proof  stress  can  be 
extremely  high,  around  150-250  GPa/s.  In  such  a  case  the  coating 
can  carry  a  substantial  part  of  the  proof  tension  during  the  proof 
test  and  the  risk  of  inadequate  stress  exertion  to  glass  fiber  could 
be  possible.  Therefore  it  is  recommend  that  higher  proof  tension 
be  used  with  an  on-line  proof  tester  than  with  a  conventional 
proof  tester. 

Another  remarkable  issue  is  the  temperature  dependence  of  the 
viscoelastic  properties  of  the  coating  [6],  When  glass  fiber  is 
coated,  it  goes  to  the  UV-curing  unit,  where  the  coating  material 
is  cured.  The  temperature  of  the  coating  can  be  over  the  Tg- 
temperature,  and  therefore  the  microstructure  is  relatively  soft. 
When  proof  testing  fiber  immediately  after  curing,  it  may  be 
possible  to  damage  the  fiber  unless  it  is  properly  cooled. 

2.3  Dwell  Time  Effect  on  Lifetime  Estimations 

Proof  testing  standards  require  that  a  specified  tension  or  proof 
stress  be  applied  sequentially  along  the  full  length  of  the  fiber. 
Because  the  starting  of  the  drawing  process  is  slow,  all  possible 
interruptions  during  the  draw  have  to  be  minimized.  The  on-line 
proof  tester  requires  an  automatic  break  recovery  system,  and 
because  of  that,  the  proof  test  area  has  to  be  level.  There  is  no 
possibility  to  use  any  weight  wheel,  and  so  the  fiber  line  goes 
trough  from  the  breaking  capstan  to  the  drive  capstan,  and  the 
proof  tension  is  measured  directly  from  the  capstan.  Therefore, 
the  proof  test  time  td  becomes  short,  approximately  0,01  s  to 
0,04  s  depending  on  the  line  speed.  Kapron  shows  [7]  that 
increasing  the  proof  stress  level  increases  fiber  reliability.  In 
addition,  increasing  the  dwell  time  has  a  similar  effect. 

For  example,  if  a  crack  of  initial  strength  S  before  proof  testing 
survives  the  proof  test,  it  is  reduced  to  the  strength  Sp  after  proof 
testing  as  given  by  [7] 


Here  B  is  the  crack  strength  preservation  parameter  or  B-value; 
fibers  with  a  higher  value  of  this  parameter  will  experience 
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relative  less  weakening.  In  the  above  equation  the  effective  proof 
time  is  given  by  [7] 


where  n  is  the  stress  corrosion  susceptibility  parameter  or  n-value. 
Note  in  Eq.  (2)  that  the  dwell  time  is  the  biggest  contributor  to  the 
proof  time.  By  Eq.  (1)  the  weakening  of  a  crack  clearly  increases 
with  the  dwell  time  [7].  If  the  dwell  time  is  shortened,  the  lifetime 
estimations  decrease  . 

Reliability  in  service  is  characterized  by  a  lifetime  or  by  a  failure 
rate.  For  survival  probability  P,  the  fiber  lifetime  to  failure  is 


Figure  4. 1000  km  Lifetime  vs.  failure  probability 
for  dwell  times  of  0.01,  0.02,  0.03,  0,04.  Proof  test 
stress  1.38  G Pa. 


Note  that  when  the  applied  stress  increases,  the  lifetime  will 
decrease  quite  rapidly  [7].  Following  lifetime  calculations  are 
performed  with  parameters  shown  in  Table  1.  Figure  3  shows 
results  from  lifetime  calculations,  which  were  made  with  0,69 
GPa  proof  stress.  It  is  easy  to  see  that  when  the  dwell  time  is 
reduced,  the  lifetime  estimations  drop.  When  proof  stress  is 
doubled  and  the  dwell  time  is  maintained  the  same,  the  lifetime 
rises  to  a  similar  level  than  with  common  dwell  times  (0.1  s,  0.5  s, 
1  s,  2  s). 

Table  1.  Parameters  for  the  lifetime  calculations 


1.0E+00  I  1— J - 

1.0E-06  1.0E-05  1.0E-04  1.0E-03 


failure  probability  F 

Figure  3. 1000  km  Lifetime  vs.  failure  probability 
for  dwell  times  of  0.01  s,  0.02  s,  0.03  s,  0.04  s. 
Proof  test  stress  0.69  GPa. 


Current  industry  standards  use  the  power  law  form  for  lifetime 
prediction.  It  has  to  be  taken  into  account  that  the  power  law 
theory  has  no  physical  significance  and  it  gives  an  overly 
optimistic  lifetime  estimation  compared  to  other  forms  based  on 
chemical  kinetics  theories  [8]. 

3.  Possibilities  for  On-line  Proof  Tests 

Based  on  the  theoretical  information  presented  above,  three 
different  approaches  for  on-line  proof  tests  are  suggested: 

1.  The  moistening  of  the  fiber  with  specified  equipment 
immediately  after  the  fiber  comes  out  of  the  furnace.  After  UV- 
curing  the  fiber  must  be  effectively  cooled  to  room  temperature, 
and  after  that  the  proof  test  can  be  executed. 

2.  Artificial  aging  before  the  proof  test.  This  method  utilizes  an 
equipment  that  adjusts  the  pressure,  temperature  and  moisture, 
and  therefore  accelerates  the  penetration  of  water  through  the 
coating  to  the  surface  of  the  glass.  In  addition,  some  chemicals 
can  be  used  to  activate  the  process.  Before  executing  the  proof 
test  the  fiber  must  be  cooled  to  room  temperature. 

3.  Using  a  very  sophisticated  accumulator  between  the  drawing 
tower  and  the  proof  tester.  This  machine  holds  the  fiber  in 
ambient  air  for  approximately  20-30  minutes  regardless  of  the  line 
speed.  During  this  relaxation  time  the  humidity  and  temperature 
of  the  fiber  balances,  and  the  proof  test  can  be  executed 
immediately  afterwards. 

4.  Random  Fiber  Break 

When  proof  testing  fiber,  there  are  occasional  breaks  depending 
on  the  quality  of  the  drawing  process.  These  occur  approximately 
two  or  three  times  per  100  km  (with  good  quality  fiber)  [9].  In  a 
conventional  proof  tester  fiber  break  causes  a  stop,  and  the 
operator  has  to  thread  the  fiber  again  to  the  machine  to  continue 
the  proof  test.  This  interruption  is  not  acceptable  with  on-line 
proof  testing  because  ramping  down  the  drawing  process  is  a  slow 


International  Wire  &  Cable  Symposium 


359 


Proceedings  of  the  51st  IWCS 


process.  The  properties  and  functions  of  the  on-line  proof  tester 
are  described  in  patent  FI  1 08754. 


There  are  also  some  patens  concerning  the  so-called  air-blown 
fiber,  for  example  US4691896,  US6022620,  US5046815.  Blown 
fiber  is  used  when  installing  optical  fiber  to  buildings  or  under 
ground  piping.  An  airflow  conveys  the  fiber  inside  the  tube.  On 
the  surface  of  the  fiber  are  small  glass  spheres,  which  help  the 
transportation  of  the  fiber.  Some  antistatic  agents  are  also  added 
to  the  airflow  to  minimize  static  electricity.  In  addition,  the 
guiding  duct  can  be  made  of  an  antistatic  material  (surface 
resistivity  <  106  ohm). 


Figure  5.  Test  equipment 


In  the  tests  we  focused  on  handling  fiber  breaks  in  the  proof  test 
region  (test  arrangement  shown  in  Fig.  5).  A  guiding  tube  was 
located  between  the  braking  capstan  and  the  drive  capstan,  and 
the  proof  tension  was  measured  from  the  moving  capstan  with  a 
load  cell.  Five  different  pipe  materials  were  tested;  glass  acrylic, 
aluminum,  inside  polished  steel,  vinyl  with  carbon  fiber  and 
Teflon.  The  line  speed  was  set  to  values  from  250  m/min  to  1750 
m/min,  and  the  break  recovery  probability  was  calculated  from 
ten  breaks  per  measured  speed. 
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Figure  6.  Break  recovery  result 


As  is  clearly  seen  in  Figure  6,  Teflon  is  the  best  material;  all  the 
other  materials  induce  reduction  to  the  break  recovery  probability. 
This  is  caused  by  several  different  phenomena.  First,  Teflon  is  a 
quite  effective  insulator,  and  therefore  it  easily  creates  a  strong 
surface  electricity  field  around  it.  This  field  normally  has  the 
same  polarity  with  the  fiber.  When  we  measured  the  surface 


voltage  of  Teflon,  the  values  ranged  from  +5  kV  to  +20  kV  and 
varied  excessively  depending  on  the  point  of  measurement  on  the 
tube.  This  charge  works  as  on  opposite  force  and  helps  to  convey 
the  fiber  inside  the  tube.  Second,  the  friction  coefficient  between 
the  fiber  and  Teflon  is  extremely  low,  and  therefore  friction  force 
breaks  least  compared  to  other  materials.  Third,  the  so-called 
"rubber  band  effect"  at  the  proof  test  region  interferes  with  the 
threading  event.  This  is  probably  the  reason  why  we  did  not 
manage  to  receive  a  100  %  probability. 

4.1  The  Elimination  of  Static  Electricity 

When  the  fiber  is  led  through  the  belt  capstan,  the  surface  voltage 
rises  from  zero  to  approximately  +1.4  kV  to  +1.6  kV.  This  value 
was  measured  with  a  non-contacting  voltmeter,  and  the  result 
must  be  regarded  only  as  trend-setting.  The  high  surface  voltage 
is  a  result  of  frictional  electricity,  which  is  created  when  the 
rubber  belt  and  the  steely  capstan  wheel  touch  the  fiber.  When  we 
calculated  the  effect  of  static  electricity,  it  became  clear  that  the 
electrical  force  can  push  the  fiber  against  the  inside  of  the  tube 
much  stronger  than  the  gravity  force. 

Elimination  of  static  electricity  is  crucial  in  order  to  convey  the 
fiber  inside  the  tube,  and  therefore  static  electricity  has  to  be 
removed  as  soon  as  possible  after  the  fiber  comes  out  of  the 
capstan.  This  is  resolved  by  using  ionizing  air  nozzles  which  blow 
ionized  air  into  the  guiding  tube,  or  an  ionizer  which  has  corona 
points  inside  the  guiding  tube.  In  such  a  case  it  should  be  noted 
that  the  tube  cannot  be  made  of  any  conductive  material,  or 
otherwise  it  reduces  the  effect  of  the  ionizer. 

5.  Conclusions 

The  strength  of  fiber  balances  after  several  minutes  from  the  draw 
process.  The  moisture  of  the  ambient  environment  penetrates 
trough  the  coating,  and  because  of  that,  the  strength  of  fiber  can 
be  considerably  higher  immediately  after  the  draw  than 
approximately  20-30  minutes  after  the  draw.  In  this  work  we  have 
suggested  three  possibilities  to  overcome  this  phenomenon. 

Because  the  strength  of  fiber  is  based  on  the  crack  growth  of  the 
weak  spot,  the  dwell  time  of  the  proof  have  a  strong  effect  on 
lifetime  estimations.  High  production  speed  and  the  mechanical 
construction  of  the  on-line  proof  tester  forces  the  dwell  time  to 
become  short.  If  the  commonly  used  proof  tension  0.69  GPa  (100 
kpsi)  is  used,  it  is  possible  that  the  weak  spots  of  the  fiber  do  not 
grow  enough  and  the  lifetime  is  low.  If  we  increase  proof  tension 
and  calculate  the  lifetime  by  the  power  law,  lifetime  estimations 
increase.  Therefore,  we  suggest  that  higher  proof  tension  be  used 
with  short  dwell  times. 

Another  remarkable  issue  is  that  the  coating  material’s  dynamic 
tensile  modulus  can  change  according  to  the  stress  rate.  If  high 
stress  rates  are  used,  it  is  possible  that  the  coating  carries  a 
substantial  part  of  the  tension  and  the  glass  fiber  does  not 
experience  full  test  tension.  This  can  be,  however,  compensated 
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by  using  high  test  tension,  but  it  might  damage  the  coating 
material. 

The  automatic  recovery  from  random  fiber  breaks  essentially 
belongs  to  the  properties  of  an  on-line  proof  tester.  This  means 
that  if  fiber  breaks  in  the  proof  test  region,  it  must  be  possible  to 
thread  the  free  end  of  the  fiber  to  the  take-up  reel  for  spooling  at 
the  full  line  speed  without  down  ramping  the  draw  process.  In  the 
test  we  threaded  the  fiber  inside  a  guiding  tube  with  different  line 
speeds  and  tried  to  optimize  the  break  recovery  system.  The 
results  show  that  static  electricity  is  the  main  problem  when 
conveying  fiber  in  the  tube.  In  addition,  the  friction  between  fiber 
and  the  tube  has  to  be  as  low  as  possible,  and  the  so-called 
"rubber  band  effect"  in  fiber  breaks  makes  treading  challenging. 
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Abstract 

Residual  stresses  and  refractive  indices  of  the  depressed  index 
clad  fiber  were  measured  for  the  various  drawing  speed,  20,  23.3, 
26.7,  and  30m/s  and  the  stress-index  relation  are  investigated.  In 
the  interface  between  the  regions,  residual  stress  has  continuous 
change.  For  drawing  speed,  the  absolute  value  of  stress  linearly 
increased  in  the  core  and  cladding,  that  is,  more  compressive 
stress  was  applied  after  drawing  process.  And  the  increasing  rate 
of  refractive  index  also  had  linearity  for  drawing  speed. 

Keywords 

Optical  fiber,  residual  stress,  refractive  index,  drawing  process 

1-  Introduction 

The  internal  stress  in  optical  fiber,  which  affects  mechanical  and 
optical  properties  -  attenuation,  refractive  index  and  reliability];  1] 
comes  from  various  manufacturing  processes  -  deposition,  collap¬ 
sing,  over  cladding,  drawing  process.  And  the  DIC  (depressed 
index  clad)  fiber  manufactured  by  MCVD  process  has  three 
layers:  core,  cladding,  and  substrate  (over  cladding)  tube.  These 
three  layers  have  the  different  thermal  expansion  coefficient  and 
viscosity  of  glass  materials.  They  cause  the  stress  distribution. 

After  drawing  process,  the  remained  axial-stress  of  fiber  is  mainly 
made  by  the  tension  that  is  mechanically  induced.  The  magnitude 
of  stress  induced  by  drawing  tension,  is  different  as  glass  material 
constitution.  As  material  is  the  more  viscous,  induces  the  more 
stress.  Generally  the  glass  for  which  dopants  such  as  Ge,  B,  P  and 
F  are  added  has  lower  viscosity  value  compared  with  pure  silica 
glass.  And  as  dopant  concentration  increased,  viscosity  decre¬ 
ased.^]  Mechanically  induced  stress  is  relaxed  after  time  goes, 
but  not  removed. 
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Index-stress  relation  has  been  investigated  for  developing  the 
manufacturing  method  of  fiber  grating.  It  is  known  that  releasing 
core-stress  changes  the  refractive  index.  When  mechanically 
induced  stress  is  relaxed  by  annealing  process,  refractive  index 
increase  in  pure-silica-core  fiber.[3] 

The  purpose  of  this  experiment  is  to  investigate  stress  and  index 
variation  for  drawing  speed  and  obtain  stress-index  relation. 


2.  Theories  and  Experiments 

2.1  Stress  measurement^] 

The  residual  stress  of  the  fiber  (about  axial  direction)  is  originated 
from  phase  distribution  caused  by  photoelastic  effect  first  noted 
by  Brewster:  A  phenomena  that  a  fiber  becomes  birefringent 
through  the  non-isotropic  stresses. 

The  photoelastic  effect  makes  phase  shift  such  that  intensity 
difference  of  light  is  appeared.  The  phase  profile  is  obtained  by 
measuring  the  intensity  difference.  And  phase  profile  can  be 
converted  to  the  stress  profile. 

When  a  plane  wave  incidents  to  the  fiber  in  the  direction  x,  there 
is  the  index  difference  induced  by  residual  stress.  (Fig.l)  By 
stress-optic  relation  it  can  be  expressed  such  that 

nz-ny=C{<Jz-t 7y) 

where  C  is  called  photoelastic  coefficient  or  Brewster  coeffi¬ 
cient. 

The  phase  shift  by  index  difference  between  two  components, 
retardation  is  as  follows. 

dR(y)  =  \(nt  -ny)dx  =  -ay)dx 

where  X  is  a  wavelength  of  incident  light. 

If  the  residual  stress  is  uniform  through  axial  direction  i.e. 
independent  of  z,  the  integration  of  (J y  is  disappeared  in  the  cy¬ 
lindrical  shape. 

So  the  stress  about  axial-direction  is  obtained  by  Abel  trans¬ 
formation 
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Fig.  1  Schematic  diagram  of  Ray  path 
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2.2  Experimental  Setup 

Preform  fabricated  by  MCVD  was  drawn  at  the  speed  from  20m/s 
to  30m/s.  Drawing  speed  was  controlled  as  125  pm  in  fiber 
diameter.  And  another  drawing  condition  is  same  for  speed 
changes. 

Refractive  index  of  optical  fiber  was  measured  by  FRIP.  (Fiber 
Refractive  Index  Profiler  S14,  YORK  Technology) 

For  measuring  the  residual  stress,  Fiber  Stress  Analyzer  (made  in 
FOSE,  Korea)  was  used  with  0.6  pm  resolution.  (Fig.  2) 

As  He-Ne  laser  (633nm)  has  narrow  spectrum,  it  can  be 
considered  a  single-wavelength  light  source.  Light  source 
transmits  diffuser.  Laser  has  spatial  coherence  like  one  point 
source,  such  that  it  is  strongly  diffracted  and  interfered.  Diffuser 
controls  the  interference  of  the  light  and  reduces  unwanted  effects. 
To  obtain  simple  output  function,  quarter  wave-plate  is  used.  By 
using  rotating  polarizer,  retardation  is  acquired.  The  light  through 
the  fiber  is  condensed  and  detected  by  CCD  camera. 

Without  stress,  the  intensity  of  incident  wave  is  detected  as 
follows: 

7  =  70  sin2  (0/2)  ■ 

where  I0  is  background  intensity  and  6  is  rotating  polarizer 
angle. 

The  change  of  intensity  by  photoelastic  effect  is  retardation  R. 

7  =  70  sin2(0/2  +  7?) 

Analyzer  reduces  background  light  transmitted  rotating  polarizer. 
Finally  camera  detects  birefringent  light  by  photoelastic  effect. 


Fig.  2  Experimental  setup  for  residual  stress  measurement 


Fig.  3  (a)  Stress  profile  and  (b)  refractive  index  profile 
in  the  fiber  (30m/s  drawing) 


3.  Results 

3.1  Stress  Distribution 

The  residual  stress  of  DIC  fiber  manufactured  by  MCVD  process 
is  different  for  the  regions:  core,  cladding  and  substrate  tube. 

Tensile  stress  was  imposed  in  substrate  tube.  (Fig.  3  (a))  Near 
surface  the  stress  is  more  tensile  than  interface  between  clad  and 
substrate.  And  the  magnitude  of  stress  in  substrate  has  a  slope. 
This  is  caused  by  the  difference  of  cooling  rate.  When  the  heated- 
fiber  cools  down  below  the  glass  transition  temperature,  the 
surface  exposed  atmosphere  gets  cool  more  rapidly  than  inner- 
part  of  substrate.  In  other  words,  inner-part  has  the  time  to  anneal 
and  relax  the  stress. 

The  compressive  stress  was  inflicted  the  core  and  cladding. 
Because  the  cladding  is  more  viscous  than  core,  the  core  region 
was  relatively  tensile.  And  almost  all  stress  applied  the  cladding. 

Comparing  with  the  refractive  index  profile  (Fig.  3  (b)),  the  resi¬ 
dual  stress  was  smoothly  changed  though  the  refractive  index  had 
a  step-functional  shape  in  the  interface  of  core  and  cladding, 
cladding  and  substrate  tube.  The  maximum  point  of  the 
compressive  stress  is  located  at  the  interface  of  core  and  cladding, 
that  is,  the  distribution  of  stress  is  different  from  that  of  material 
concentrations.  And  the  maximum  point  of  compressive  stress  is 
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scarcely  moved  for  drawing  speed  variation.  It  can  be  considered 
that  there  is  the  layer  compensating  the  stress  gab  between  two 
regions  and  maintaining  core-cladding  structure. 

Residual  stresses  had  linear  dependency  on  drawing  speed  for  the 
case  that  another  drawing  condition  is  same,  and  also  had  nearly 
same  increasing  rate  in  core  and  cladding  although  Ge  concent¬ 
ration  of  core  is  higher  than  that  of  cladding. 


3.2  Refractive  index  variation 


Except  the  effect  of  matching  oil  outside  fiber,  fiber  is  roughly 
divided  into  two  regions:  high  index  (core)  and  low  index 
(cladding  and  substrate).  Because  of  background  noise,  it  was 
hard  to  know  the  index  change  of  substrate.  It  can  be  considered 
that  substrate  index  is  not  varied  for  drawing  speed.  However, 
drawing  speed  affected  the  core  index. 


The  refractive  index  (AN)  was  also  changed  for  drawing  speed. 
That  is,  residual  stress  affected  the  index  variation  and  there  was 
the  linearity  between  stress  and  index.  We  confirmed  that 
compressive  stress  causes  the  increase  of  refractive  index.  (Fig.  4) 
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Fig.4  Property  variation  for  drawing  speed 


4.  Conclusions 


The  residual  stress  of  core  and  clad  is  compressive,  and  substrate 
tensile.  Stress  was  continuously  changed  and  differed  from  index 
profile.  It  is  inferred  that  the  region  exists  for  compensating  the 
stress  difference.  For  drawing  speed,  the  absolute  value  of  stress 
linearly  increased  in  the  core  and  cladding,  that  is,  more 
compressive  stress  was  applied  after  drawing  process. 

The  increasing  rate  of  refractive  index  also  had  linearity  for 
drawing  speed. 
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Abstract 

The  region  of  operating  conditions,  in  which  the  drawing 
process  for  optical  fiber  manufacture  is  successful,  is  largely 
determined  by  the  stresses  acting  on  the  fiber,  flow  of  glass,  and 
the  stability  of  the  process.  This  paper  numerically  investigates 
feasible  operating  conditions  for  fiber  drawing.  It  is  found  that 
only  certain  ranges  of  furnace  temperature  and  draw  speed  lead 
to  successful  fiber  drawing.  The  length  of  the  heated  zone  is 
another  important  parameter  that  can  be  varied  to  obtain  a 
feasible  drawing  process.  The  physical  behavior  of  the  flow  in 
the  fiber  close  to  the  boundary  of  the  domain  is  studied  in  detail 
to  understand  the  basic  underlying  mechanisms.  It  is  found  that 
the  numerical  iteration  to  obtain  the  converged  neck-down 
profile  diverges  rapidly  when  the  draw  temperature  is  lower  than 
that  needed  for  an  acceptable  process  due  to  the  lack  of  material 
flow.  It  is  time-consuming  and  expensive  to  locate  the  exact 
boundary  of  the  feasible  domain.  However,  a  rough  estimate  of 
the  extent  of  the  region  can  be  more  easily  obtained. 

Keywords 

Optical  Fiber;  drawing;  furnace;  feasibility;  viscous  rupture 

Introduction 

One  of  the  most  widely  used  methods  to  draw  optical  fibers 
involves  continuously  feeding  a  silica  glass  preform  into  a 
cylindrical  heating  furnace,  heating  the  glass  above  its  softening 
point  of  around  1900  K,  and  pulling  it  into  a  fiber  of  diameter 
around  125  pm  [1].  As  the  preform  proceeds  through  the  heating 
zone,  it  narrows  down  sharply  and  yields  the  "neck-down" 
region.  The  neck-down  profile  strongly  depends  on  the  fiber 
drawing  conditions  and  significantly  impacts  the  diameter 
uniformity  [2],  strength,  and  transmission  loss  of  optical  fibers 

[3]- 

The  domain  of  operating  conditions,  in  which  the  drawing 
process  is  successful,  is  important  for  the  design  and  control  of 
the  process.  Such  a  domain  is  determined  by  the  stresses  acting 
on  the  fiber  and  the  stability  of  the  process  [4].  This  paper 
presents  a  numerical  study  to  investigate  feasible  conditions  for 
fiber  drawing.  A  cylindrical  resistance  graphite  furnace,  with 
low-speed  aiding  argon  flow,  is  chosen.  The  inert  gas  flow  in  the 
furnace  cavity  keeps  the  graphite  heating  element  from 
oxidation.  A  conjugate  problem,  with  a  free  surface  of  glass,  is 
considered.  A  complex  thermal  analysis,  involving  conduction, 
convection  and  radiation  heat  transfer,  is  necessary  to  simulate 
the  optical  fiber  drawing  process  at  high  draw  speeds.  The  flow 
and  thermal  transport  in  the  two  regions  is  solved  to  obtain  the 
temperature,  velocity,  and  tension  in  the  glass.  The  zonal  method 
is  used  to  model  the  radiative  heat  transfer  in  the  glass  [5].  The 


neck-down  profile  of  the  preform  is  iteratively  determined  by  a 
force  balance.  It  is  shown  that  only  certain  ranges  of  furnace 
temperature  and  draw  speed  lead  to  feasible  fiber  drawing  [4,  6]. 
The  heat-zone  length  is  another  important  parameter  that  can 
also  be  varied  to  obtain  feasible  drawing  conditions. 

The  complexity  of  the  physical  processes  and  the  strong 
variation  of  glass  viscosity  with  temperature  make  it  difficult  to 
obtain  iterative  convergence  of  the  numerical  scheme.  Several 
changes  were  made  in  the  numerical  methods  employed  earlier 
in  order  to  locate  the  boundary  of  the  feasible  drawing  domain. 
Through  numerical  experiments,  it  is  possible  to  determine  the 
dominating  factors  that  affect  the  feasibility  of  the  process  and 
eventually  lead  to  a  rupture  of  the  fiber.  All  these  considerations 
indicate  the  importance  of  the  phenomena  at  the  boundary  of  the 
feasible  domain. 

Analysis  and  Numerical  Algorithm 

The  transport  phenomena  for  optical  fiber  drawing  in  a 
cylindrical  graphite  furnace  are  investigated  for  high-speed 
optical  fiber  drawing.  A  conjugate  problem  involving  the  glass 
and  the  purge  gases  is  considered.  Laminar  flow  is  assumed  due 
to  the  high  viscosity  of  glass  and  low  velocity  in  the  gas  flow. 
The  transport  in  the  two  regions  is  coupled  through  the  boundary 
conditions  at  the  free  surface.  Conduction,  convection  and 
radiation  are  coupled  in  the  heat  transfer  analysis. 

The  governing  equations  for  axisymmetric  conditions  are 
obtained  for  both  the  glass  and  the  purge  gas.  These  equations 
involve  the  variable-property  flow  in  glass,  the  free  surface, 
whose  profile  is  determined  numerically,  and  radiative  transport 
in  the  glass  and  the  furnace.  These  equations  are  given  in  [7,  8], 
which  may  be  consulted  for  details  on  the  modeling  of  the 
process.  The  viscous  dissipation  and  the  radiative  source  terms 
are  only  kept  for  the  glass  due  to  their  importance.  For  the 
convenient  implementation  of  the  finite  difference  method,  the 
complicated  domains  for  the  glass  and  purge  gas  are 
transformed  into  cylindrical  ones  using  Landau’s  transformation 
[9].  The  boundary  conditions  for  a  free  surface,  arising  from  a 
force  balance,  are  employed  at  the  interface  between  the  glass 
and  the  purge  gas.  A  more  detailed  discussion  on  the  governing 
equations  and  the  boundary  conditions  can  be  found  in  [8,  9]. 
The  draw  tension  is  determined  by  considering  the  contribution 
of  the  viscous  force,  surface  tension,  inertia  force  and  gravity. 

The  radiation  transfer  is  a  volume  phenomenon  in  the  semi¬ 
transparent  glass  and  the  zonal  model  is  used  to  accurately 
compute  the  radiative  source  term  [5].  In  order  to  avoid 
computation  of  the  direct  exchange  areas  every  time  the  neck- 
down  profile  is  corrected,  the  optically  thick  approximation  is 
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first  used  to  generate  the  neck-down  profile,  and  then  this  profile 
is  used  as  the  initial  guess  to  generate  the  final  neck-down 
profile  with  the  zonal  method.  After  a  corrected  profile  has  been 
obtained,  the  grids  for  both  the  radiation  analysis  and  for  the 
transport  equations  are  re-adjusted,  and  the  view  factors  and 
direct  exchange  areas  are  re-calculated.  This  strategy  is  based  on 
the  observation  that  the  difference  between  the  temperature 
variations  predicted  using  the  optically  thick  approximation  and 
the  zonal  method  is  relatively  small.  After  the  neck-down  profile 
is  generated,  the  temperature  and  flow  fields  corresponding  to 
the  profile  are  calculated.  Numerical  experiments  are  necessary 
to  obtain  the  optimum  discretization  schemes. 

Results  and  Discussion 

The  velocity  and  temperature  distributions  in  the  fiber  and  the 
furnace  are  calculated.  Several  of  these  results  have  been 
presented  earlier  and  are  not  repeated  here.  The  focus  is  on  the 
feasibility  of  the  process.  Several  different  wall  temperature 
profiles,  particularly  cosinusoidal,  parabolic  and  Gaussian  are 
considered  for  a  wide  range  of  operating  conditions. 

A  typical  example  of  the  numerical  generation  of  neck-down 
profile  with  a  cosinusoidal  starting  profile  is  shown  in  Fig.  1 
from  [4],  using  the  optically  thick  approximation  for  glass.  From 
the  figure  it  is  seen  that  during  the  first  few  iterations,  the  neck- 
down  profile  is  quite  unrealistic,  with  a  flat  region  and  an  abrupt 
change  in  radius  around  where  the  starting  profile  ends.  But 
after  a  few  iterations  the  shape  becomes  smooth  and 
monotonically  decreasing,  eventually  reaching  a  steady, 
converged,  profile,  indicated  by  the  invariance  of  the  profile 
with  further  iterations.  For  convergent  cases,  perturbations  to  the 
initial  profile  and  different  starting  shapes  lead  to  the  converged 
neck-down  profile,  indicating  the  robustness  of  the  scheme  and 
the  stability  of  the  drawing  process.  The  force  balance 
conditions  are  also  closely  satisfied  if  the  iterations  converged. 
However,  convergence  does  not  occur  in  every  case,  leading  to  a 
feasible  domain. 


l* 
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Figure  1.  Iterative  convergence  of  the  neck-down  profile.  Here 
r*  =  r/R  and  z*  =  z/L,  R  and  L  being  the  perform  radius  and 
furnace  length,  respectively. 

It  was  found  that,  for  given  fiber  and  perform  diameters  and  for 
a  given  draw  speed,  the  fiber  cannot  be  drawn  at  any  arbitrary 
furnace  wall  temperature  distribution.  If  the  furnace  temperature 
is  not  high  enough,  the  iterative  radius  correction  shows  that  the 
fiber  breaks  due  to  lack  of  material  flow,  a  phenomenon  that  is 
known  as  viscous  rupture  [10].  Similarly,  it  can  be  shown  that 
for  a  particular  furnace  temperature  and  fiber  speed,  the  fiber 
can  be  drawn  only  if  it  is  above  a  certain  diameter.  Also,  for  a 


given  preform  and  fiber  size  and  with  a  given  furnace 
temperature,  there  is  a  limit  on  the  speed  beyond  which  drawing 
is  not  possible,  as  this  leads  to  rupture.  Figure  2  (a)  shows  the 
different  cases  studied,  including  the  cases  where  drawing  is 
feasible  and  the  cases  when  it  is  not.  From  this  figure,  a  region 
can  be  identified  beyond  which  drawing  is  not  possible.  For  the 
region  where  drawing  is  feasible,  the  draw  tension  is  calculated. 
The  iso-tensionM  contours  are  shown  in  Fig.  2  (b).  As  expected, 
the  draw  tension  is  low  at  higher  temperatures  and  lower  speeds, 
which  explains  the  positive  slope  of  the  iso-tension  contours. 
For  a  realistic  fiber-drawing  operation,  these  results  are  very 
important,  since  the  operating  parameters  (such  as  furnace 
temperature  and  draw  speed)  can  be  identified  so  that  a  fiber  of 
desired  diameter  can  be  drawn  at  the  required  tension.  Thus, 
feasibility  of  the  process  is  determined  largely  by  material  flow. 
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Figure  2.  Feasibility  domain  and  iso-tension  contours. 

The  study  was  also  extended  to  high  draw  speeds,  which  are  of 
particular  interest  in  industry  today  [11].  The  furnace  wall 
temperature  distribution  is  assumed  to  be  parabolic  with  a 
minimum  temperature  of  2000K  at  both  ends.  The  maximum 
temperature,  which  is  referred  as  the  furnace  temperature,  is 
located  at  the  mid-point  of  the  furnace  length  and  is  changed  to 
identify  the  feasible  drawing  conditions.  The  zonal  method  is 
used  for  radiation  analysis  in  glass.  Figure  3  shows  the  relation 
between  the  maximum  allowable  drawing  speed  and  furnace 
temperature  for  successful  drawing,  from  [12].  With  an  increase 
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in  the  furnace  temperature,  the  maximum  allowable  drawing 
speed  also  increases,  as  expected.  The  feasible  drawing 
conditions  are  given  by  the  region  below  the  curve. 


Figure  3.  Feasible  drawing  conditions  in  terms  of  the  furnace 
wall  temperature  and  the  fiber  drawing  speed. 

Similarly,  a  proper  design  of  the  heat-zone  can  possibly  alter  the 
feasible  range,  particularly  for  high  draw  speeds  or  low  furnace 
temperatures.  The  consideration  that  the  preform/fiber 
temperature  in  the  fiber  drawing  process  should  not  drop  below 
the  softening  point  of  the  material  gives  rise  to  many  of  these 
constraints. 

Attempts  have  been  made  here  to  identify  the  combination  of 
heat-zone  length,  furnace  temperature  and  draw  speed  for  which 
fibers  of  a  given  size  can  be  drawn  from  preforms  of  specified 
diameter.  Two  typical  temperature  distributions  inside  the  draw 
furnace,  parabolic  and  Gaussian  profiles,  are  examined 
separately  The  minimum  temperature  in  the  distribution  is  kept 
fixed,  and  the  maximum  temperature  is  varied  and  referred  to  as 
the  furnace  or  draw  temperature. 

Fiber  drawing  for  a  parabolic  temperature  profile,  as  shown  Fig. 
4,  is  first  studied.  Both  feasible  and  unfeasible  cases  are  shown 
in  Fig.  5  and  Fig.  6.  A  feasible  region  can  be  easily  identified 
based  on  a  combination  of  heat-zone  length,  draw  temperature 
and  draw  speed,  beyond  which  the  fiber  drawing  becomes  not 
possible.  Clearly,  the  maximum  draw  speed  at  a  given  furnace 
temperature  could  be  restricted  by  the  heating-zone  length  inside 
the  furnace  due  to  the  requirement  that  the  temperature  in  the 


Figure  4.  Temperature  profiles  specified  on  the  furnace  wall 


neck-down  region  must  exceed  the  softening  temperature. 
Similarly,  at  a  given  draw  speed,  a  longer  heat  zone  could 
possibly  allow  lower  furnace  temperature  in  order  to  heat  the 
glass  up  to  the  softening  point.  The  latter  is  a  good  alternative 
since  higher  temperatures  lead  to  higher  concentration  of  defects 
and  shorter  lifespan  of  a  graphite  furnace  [11].  It  is  also  found 
from  the  numerical  results  that,  as  mentioned  earlier,  the  lower 
bound  of  temperature  and  the  upper  bound  of  draw  speed  are  all 
regulated  by  the  viscous  rupture,  which  is  a  direct  result  of  high 
draw  tension. 
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Figure  5.  Feasible  domain  on  a  draw  speed  versus  furnace  length 
plane  at  a  draw  temperature  of  2500  K 

A  Gaussian  temperature  distribution  is  next  investigated  to 
obtain  the  feasible  domain.  Either  furnace  length  with  respect  to 
draw  speed  or  furnace  length  with  respect  to  draw  temperature 
can  be  considered  to  determine  feasible  parameters  for  fiber 
drawing.  Figure  7  shows  the  minimum  draw  temperatures 
possible  for  various  heat-zone  dimensions  at  different  draw 
speeds.  Compared  to  the  results  in  Fig.  6,  it  is  obvious  that  the 
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Figure  6.  Feasible  domain  of  draw  temperature  with  respect  to 
furnace  length  at  a  draw  speed  of  15  m/s 
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feasible  boundary  can  be  quite  different  due  to  the  changes  in 
the  temperature  distribution.  It  is  also  interesting  to  see  that  the 
boundary  of  the  feasible  domain  shifts  noticeably  to  the  top  right 
when  draw  speed  increases.  It  indicates  that  either  a  higher  draw 
temperature  or  a  longer  residence  time  is  needed  to  make  fiber 
drawing  possible  at  higher  draw  speeds. 

For  a  realistic  fiber-drawing  operation,  these  results  are  very 
important,  since  the  parameters  in  a  fiber  drawing  system,  such 
as  draw  temperature,  draw  speed  and  heat-zone  length,  can  be 
identified  so  that  a  fiber  of  desired  diameter  can  be  drawn  at 
required  quality.  However,  it  must  be  pointed  out  that  fiber 
drawing  may  never  reach  the  boundaries  due  to  the  unacceptable 
draw  tension  in  practice.  Additionally,  it  is  also  possible  to 
obtain  similar  feasibility  results  for  different  combinations  of 
other  physical  and  process  variables.  But,  furnace  temperature, 
draw  speed  and  heat-zone  size  are  investigated  here  because 
they  are  three  of  the  major  variables  chosen  in  practical  systems. 
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Figure  7.  Comparison  of  feasible  domains  of  draw  temperature 
at  (a)  draw  speed  of  5  m/s  and  (b)  draw  speed  of  15  m/s  for  a 
Gaussian  distribution. 


As  the  furnace  temperature  decreases  or  as  the  fiber  speed 
increases  in  fiber  drawing,  the  preform/fiber  temperature 
inevitably  drops  below  the  softening  point  of  the  fiber  materials 
and  eventually  makes  drawing  impossible.  The  behavior  of 
numerical  convergence  and  physical  characteristics  are  of  great 
interest  when  the  drawing  parameters  are  close  to  the  boundary 
of  the  feasible  domain.  On  one  hand,  it  is  important  to  know  the 
dominating  factors,  which  eventually  cause  the  fiber  to  break. 
On  the  other  hand,  it  is  interesting  to  investigate  the 
characteristics  of  the  numerical  algorithm  and  the  iterative 
procedure  in  the  search  for  the  boundary  of  the  feasible  domain. 

One  typical  case  involving  the  draw  temperature  variation  across 
the  boundary  of  the  acceptable  domain  is  presented  here.  For  a 
30  cm  furnace,  the  draw  temperature  is  gradually  increased, 
starting  from  an  impossible  drawing  point  of  2200  K,  and  finally 
reaching  the  feasible  boundary  at  2600  K.  It  can  be  sketched  as  a 
horizontal  path  in  Fig.  7(b).  The  iterative  evolution  of  neck- 
down  profiles  is  shown  in  Fig.  8  at  a  draw  temperature  of 
2200  K. 

Several  interesting  observations  can  be  seen  clearly  from  these 
results.  First,  when  the  draw  temperature  is  beyond  the  feasible 
drawing  region,  the  neck-down  profile  becomes  increasingly  flat 
as  the  iterations  proceed  due  to  the  lack  of  material  flow.  To 
satisfy  the  boundary  condition  of  a  fixed  fiber  diameter,  it  gives 
rise  to  an  abrupt  change  in  the  fiber  profile  at  the  lower  end  of 
the  furnace.  Eventually  the  numerical  procedure  diverges. 
However,  the  rate  of  divergence  is  very  different  for  various 
draw  temperatures.  The  iteration  diverges  much  faster  at  lower 
draw  temperatures  that  are  far  away  from  the  feasible  boundary, 
but  it  diverges  much  more  slowly  at  higher  draw  temperatures 
close  to  the  feasible  boundary.  As  an  example,  the  abrupt  change 
of  radius  profile  at  2200  K  becomes  very  obvious  after  only  six 
neck-down  corrections.  However  it  takes  more  than  eight 
corrections  for  2300  K,  and  more  than  ten  for  2400  K.  Since  one 
correction  of  the  neck-down  profile,  using  zonal  method, 
requires  an  expense  of  4000  iteration  steps,  the  search  for  the 
feasible  boundary,  therefore  becomes  very  expensive  in  terms  of 
computational  resources.  In  fact,  it  takes  more  than  50000 
iteration  steps  to  determine  that  the  process  is  infeasible  at  2500 
K  but  feasible  at  2600  K,  as  shown  in  Fig.  9.  Once  the  boundary 


Figure  8.  Neck-down  profile  corrections  for  an  unfeasible  fiber 
drawing  circumstance  at  a  furnace  temperature  of  2200  K  and  a 
draw  speed  of  15  m/s 
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point  is  reached,  experience  shows  that  the  convergence  of  the 
numerical  iteration  process  could  be  alternatively  determined  by 
the  given  number  of  iterations  or  neck-down  corrections,  instead 
of  specified  values  of  the  convergence  parameters.  From 
numerical  experiments,  it  is  observed  the  difference  caused  by 
two  control  schemes  is  trivial,  especially  for  feasible  cases  far 
away  from  the  domain  boundary. 


Figure  9.  Neck-down  profile  corrections  for  a  feasible  fiber 
drawing  circumstance  at  a  furnace  temperature  of  2600  K  and  a 
draw  speed  of  15  m/s 

CONCLUSIONS 

In  this  paper,  the  feasible  drawing  domains  are  first  considered 
for  different  temperature  distributions  of  the  draw  furnace  wall. 
It  is  seen  that  such  domains  are  the  direct  results  of  the 
combinations  of  three  important  operating  parameters,  namely 
furnace  temperature,  draw  speed  and  heating  element  length. 
The  results  show  that  the  upper  bound  of  draw  speed  and  the 
lower  bound  of  draw  temperature  could  be  changed  by  the  heat- 
zone  length  at  the  given  conditions.  It  is  also  found  that  the 
temperature  distribution  could  alter  the  feasible  domain 
significantly.  The  domain  boundaries  are  determined  by  viscous 
rupture  and  flow  instability. 

The  physical  behavior  close  to  the  boundary  of  a  feasible 
domain  is  next  studied.  It  is  found  the  iteration  diverges  very 
rapidly  when  the  draw  temperature  is  lower  and  beyond  the 
acceptable  domain  due  to  the  lack  of  material  flow.  However  the 
divergence  rate  becomes  much  smaller  when  the  temperature 
gets  close  to  the  domain  boundary.  This  observation  implies  that 
it  is  very  expensive  to  locate  the  exact  boundary  of  the  feasible 
drawing  domain.  These  results  will  be  useful  in  the  design  and 
control  of  a  successful  optical  fiber  drawing  process. 
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Abstract 

In  this  paper,  a  method  is  presented  that  utilizes  computational 
fluid  dynamics  (CFD)  as  a  tool  for  screening  potential 
experimental  parameters  and  their  levels.  The  example  used  to 
demonstrate  this  method  is  a  hypothetical  coating  applicator  used 
in  the  manufacture  of  optical  fiber  ribbon.  The  objective  of  this 
work  is  to  calculate  the  relative  effect  of  various  applicator 
geometric  parameters  and  coating  process  parameters  on  the 
minimum  coating  thickness  within  the  ribbon.  Three  geometric 
and  two  process  parameters  are  investigated.  These  parameters 
are:  applicator  land  length,  taper  angle,  taper  length,  applicator 
wall  temperature,  and  coating  inlet  pressure.  Using  two  8  run 
fully  factorial  experimental  designs,  it  was  determined  that  the 
levels  chosen  for  the  applicator  temperature  have  the  greatest 
effect  on  the  minimum  coating  thickness. 

Although  the  use  of  CFD  provides  insight  into  this  coating 
example,  it  cannot  replace  proper  experimental  design  and 
execution.  The  use  of  CFD  allows  a  process  designer  to  screen  a 
number  of  potential  experimental  parameters  without  consuming 
any  raw  materials  or  process  line  time.  The  use  of  this  tool  is 
justified  if  the  insight  gained  from  CFD  allows  the  process 
designer  to  reduce  the  cost  of  an  experiment  through  the  proper 
selection  of  parameters  and  their  levels. 

Keywords 

Computational  Fluid  Dynamics,  CFD;  UV  Coating;  Coating 
Applicator,  Optical  Fiber  Ribbon. 

1.  Introduction 

In  this  paper,  a  3-D  computational  fluid  dynamics  (CFD)  model  of 
a  coating  applicator  is  presented.  The  purpose  of  this  applicator  is 
to  coat  a  group  of  individual  optical  fibers  with  a  UV  curable 
matrix  material.  Once  the  matrix  material  is  cured,  the  final 
product  is  a  flat  optical  fiber  ribbon  that  allows  for  efficient  fiber 
packing  densities  within  optical  fiber  cables. 

A  number  of  factors  affect  the  various  properties  of  an  optical 
fiber  ribbon.  To  completely  quantify  the  effects  of  all  the  possible 
factors  on  each  of  these  properties  would  be  very  costly.  To 
reduce  the  number  of  factors  investigated  during  an  experiment,  a 
process  designer  will  rely  on  their  past  experience  with  the 
process  and  their  analytical  skills  to  determine  which  factors  and 
their  respective  levels  might  significantly  affect  the  critical 
properties  of  the  optical  fiber  ribbon.  Once  the  designer  has 
determined  the  property  or  properties  of  the  ribbon  to  observe  in 


an  experiment  (i.e.  the  response  of  the  experiment),  the  factors 
that  will  be  investigated,  and  the  levels  of  these  factors,  the 
designer  can  plan  and  execute  the  experiment.  If  the  experience 
in  the  process  is  limited  or  if  a  new  process  is  being  considered, 
then  one  usually  has  to  rely  on  screening  experiments  to 
determine  the  effect  of  particular  factors  on  the  property 
investigated. 

The  number  of  screening  experiments  and  primary  experiments 
required  to  achieve  a  particular  objective  can  be  time  consuming 
and  expensive.  This  is  especially  true  if  the  expense  includes 
various  coating  applicator  designs,  a  significant  amount  of  optical 
fiber,  and/or  a  significant  amount  of  raw  material.  To  reduce  the 
experimental  expense  and  reduce  the  time  required  for 
implementing  a  design  or  process  change,  it  is  suggested  that  a 
series  of  CFD  simulations  be  used  as  a  means  of  screening 
possible  experimental  parameters  and  their  levels.  These 
simulations  will  allow  the  designer  to  determine  which  variables 
and  their  respective  levels  are  significant  and  thus  worth 
evaluating  in  a  future  experiment.  These  simulations  will  also 
allow  the  designer  to  gain  insight  into  the  process  that  would  not 
be  gained  through  rigorous  experimental  work  [1].  For  example, 
the  use  of  CFD  allows  one  to  observe  flow  fields,  pressure  fields, 
temperature  fields,  etc,  in  greater  detail  than  if  these  fields  were 
obtained  through  experimental  measurement. 

Presented  in  this  paper  is  a  3-D  CFD  simulation  of  a  ribbon  coating 
applicator.  Although  previous  work  has  been  presented  on  2D 
simulations  of  fiber  coating  applicators  [2,3,4]  and  a  2D  simulation 
of  a  ribbon  coating  applicator  [5],  no  work  has  been  presented  yet 
on  a  3D  simulation  of  a  UV  optical  fiber  ribbon  coating  applicator. 
The  intention  of  the  paper  is  to  extend  on  the  work  conducted  by 
Shen  [5].  The  example  investigated  is  a  hypothetical  UV  ribbon 
coating  applicator  proposed  by  the  author.  Using  a  3D  CFD 
simulation  of  this  example,  the  effects  of  coating  applicator  design 
variables  and  coating  process  parameters  on  the  minimum  coating 
thickness  are  calculated. 

2.  Discussion 

2.1  What  is  CFD? 

Computational  Fluid  Dynamics  (CFD)  is  the  study  of  numerically 
generated  fluid  flow  fields.  It  has  been  used  extensively  in  the 
study  of  fluid  dynamics  for  the  following  reasons: 
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1.  It  allows  for  one  to  observe  fluid  flow  structures  that  would  be 
difficult  to  measure  [1]  and 

2.  It  allows  the  designer  to  gain  an  understanding  of  the  fluid 
flow  that  may  not  be  obvious  through  experimental  observation 


CFD  utilizes  a  method  where  the  Navier-Stokes  (N-S)  equations 
for  momentum  and  heat  transfer  are  simplified  so  that  a  series  of 
linear  algebraic  equations  are  obtained.  These  equations  describe 
the  desired  properties  at  discrete  points.  The  N-S  equation  for 
momentum  and  an  example  of  a  linearized  or  discretized  form  of 
the  N-S  equation  are  shown  in  the  following  two  equations.  This 
form  of  the  decretized  momentum  equation  is  obtained  with  the 
use  of  a  finite  volume  technique  outlined  by  Patankar  [1],  The 
values  for  ax  and  b  are  constants  that  result  from  the  derivation. 
The  value  of  S  is  a  source  term  and  the  surrounding  values  of 
velocity  ux  and  the  previous  value  of  velocity  u0)d  indicate  an 
iterative  solution  is  required. 

rau,  i 

/>!T+UjU-  (i) 


A  characteristic  dimension  (L)  is  also  used  in  the  creation  of  the 
applicator  geometry.  The  fiber  radius  has  the  characteristic 
dimension  of  L=Rf=l  and  any  geometric  length  stated  is  in 
relation  to  this  characteristic  dimension.  The  process  parameters 
and  the  material  properties  are  incorporated  into  these 
dimensionless  numbers.  Please  refer  to  the  appendix  for  the 
description  of  the  variables  shown  above. 

2.3  The  Sample  Problem  and  its  Boundary 
Conditions  and  Assumptions. 

The  figure  below  is  an  illustration  of  a  hypothetical  4-fiber  ribbon 
coating  applicator.  This  particular  coating  applicator  consists  of 
two  matrix  inlets  located  on  the  top  and  bottom  of  the  applicator. 
As  the  fibers  enter  the  applicator,  matrix  will  contact  the  fibers 
and  be  conveyed  through  the  internal  geometry  of  the  applicator. 
As  the  fibers  and  matrix  leave  the  applicator,  a  free  surface  is 
formed  where  the  matrix  will  draw  down  to  its  final  uncured 
shape.  Curing  of  the  UV  matrix  material  will  take  place  in  a 
subsequent  process  step. 


The  use  of  CFD  is  necessary  because  the  N-S  equation  can  only 
be  solved  for  very  simple  geometries  and  not  for  the  relatively 
complex  geometry  presented  in  this  paper.  Depending  on  the 
geometry  of  the  flow  field  and  the  boundary  conditions,  these 
linear  algebraic  equations  can  be  solved  for  fluid  velocity, 
pressure,  temperature,  etc.  This  study  utilizes  a  commercially 
available  finite  element  CFD  package.  This  CFD  package  has  a 
feature  that  can  calculate  the  shape  of  free  surfaces  and  thus  allow 
one  to  calculate  the  minimum  coating  thickness  required  in  this 
study. 


2.2  Dimensionless  Numbers 

What  is  proposed  in  this  paper  is  the  use  of  dimensionless 
numbers  to  evaluate  this  hypothetical  UV  coating  applicator. 
These  dimensionless  numbers  can  simplify  the  problem  by 
reducing  the  quantity  of  variables  investigated.  Below  are  the 
dimensionless  numbers  used  in  this  investigation: 


Reynolds  Number=Re  =  -  lnertial  Forces 

\i  Viscous  Forces 

Capillary  Number  —  Ca  =  iiY.  =  Viscous  Forces 

Y  Surface  Tension  Forces 

Prandtl  Number  =  pr  =  mCp  =  Molecular  Diffusion 
^matrix  Thermal  Diffusion 

Brinkman  Number  =  Br  =  — — —  (Viscous  Dissipation) 

^ink  AT 

Dimensionless  Pressure  =  n*  =  ^ 

Dimensionless  Temperature  =  T*  =  -T~^° 

AT 


(3) 

(4) 

(5) 

(6) 

(7) 

(8) 


Figure  1.  Proposed  Ribbon  Coating  Applicator 

The  applicator  internal  geometry  and  the  free  surface  are  shown  in 
the  following  figure. 


Figure  2.  Flow  Field  with  the  Ribbon  Coating 
Applicator. 
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The  above  geometry  has  two  planes  of  symmetry.  It  is  therefore 
decided  to  simulate  only  one  quarter  of  this  flow  field.  Utilizing 
these  planes  of  symmetry  will  decrease  the  amount  of  redundancy 
in  the  solution  and  thus  reduce  the  simulation  set-up  and  run  time. 
Below  is  the  figure  illustrating  the  proposed  flow  field.  A  further 
decision  is  made  to  eliminate  the  vertical  matrix  inlet  channel. 
This  decision  is  based  on  the  assumption  that  this  region  will  have 
relatively  low  coating  velocities  and  have  very  little  impact  on  the 
response  investigated. 


Figure  3.  Proposed  Flow  Field  for  the  Numerical 
Simulation. 


It  is  also  important  to  consider  the  proper  application  of  boundary 
conditions  for  this  particular  geometry.  The  specifics  of  the 
problem  investigated  will  be  governed  by  the  boundary  conditions 
imposed  on  the  equations  of  momentum  and  heat  transfer.  Below 
is  a  figure  outlining  the  boundary  conditions  used  for  this 
problem. 

Y 


Applicator  Walls 
U„  ■=  Uu  =  U7  ■=  0 


Free  Surface 

Heat  Flux  =  0 


>  Coating  Inlet 

T*  =  0 


POutlet  “  0 


Horizontal  Symmetry 

u  -0  — - - 

y  dy  ay 

Heat  Flux  =  0 


Heat  Flux  « 


Figure  4.  Boundary  Conditions 

The  following  assumptions  are  also  incorporated  into  the  CFD 
simulation:  gravity  is  neglected,  the  upstream  free  surface  is 
neglected,  the  coating  flow  is  laminar,  and  the  coating  is 
Newtonian  with  a  temperature  dependant  viscosity.  Surface 


tension  and  viscous  heating  effects  are  also  incorporated  into  this 
simulation. 

2.4  The  Proposed  Numerical  Study 

Table  1  lists  the  dimensionless  numbers  that  are  held  fixed  for  the 
numerical  study  conducted. 


Table  1.  Fixed  D 

imensionless  Parameters. 

Parameter 

Value 

Re 

0.1 

Ca 

20 

Pr 

20000 

Br 

7 

In  the  numerical  study,  the  minimum  thickness  of  coating  over  the 
top  of  the  fibers  is  calculated  for  various  coating  process  and 
applicator  geometric  parameters.  The  minimum  coating  thickness 
is  illustrated  in  the  previous  figure.  The  average  of  the  two  values 
calculated  is  the  response  used. 

The  numerical  study  is  divided  into  2  parts.  The  first  part  is  an 
evaluation  of  three  geometric  parameters  within  the  coating 
applicator.  This  part  consists  of  an  8  run  full  factorial  design  in 
which  the  parameters  and  the  levels  shown  in  Table  2  are 
evaluated.  These  geometric  parameters  are  illustrated  in  figure  3. 
The  intent  is  to  determine  the  most  significant  geometric 
parameter.  The  second  part  of  this  numerical  study  consists  of 
another  8  run  experimental  design  that  will  compare  the  effect  of 
the  most  significant  geometric  parameter  and  the  effects  of  the 
process  parameters  considered.  The  two  process  parameters  and 
their  levels  are  shown  in  Table  3. 

Table  2.  Dimensionless  Parameters  and  The 


Associated  Levels  used  for  Part  1 


Parameter 

Level  -1 

Level  +1 

Land  Length 

l*Rf 

2*Rf 

Taper  Angle 
(Degrees) 

2<t> 

Taper  Length 

20*Rf 

30*Rf 

Table  3.  Dimensionless  Parameters  and  The 
Associated  Levels  used  for  Part  2 


Parameter 

Level  -1 

Level  +1 

Geometric 
Parameter  from 
Part  1 

-1 

+1 

Applicator  Wall 
Temperature,  T* 

0 

0.25 

Coating  Inlet 
Pressure,  p* 

0 

1 

2.5  Results 

Using  the  CFD  package  and  appropriate  convergence  criteria,  the 
solutions  for  the  flow  field,  pressure  field,  temperature  field,  and 
the  shape  of  the  free  surface  are  obtained.  Below  are  the  response 
graphs  illustrating  the  effect  of  the  land  length,  the  taper  angle, 
and  the  taper  length  on  the  average  minimum  coating  thickness 
over  the  fibers.  The  values  of  dimensionless  thickness  are  in 
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relation  to  the  characteristic  length  used  in  this  study.  In  this 
study,  the  radius  of  the  fiber  is  given  the  characteristic  length  of  1. 
The  linear  and  the  curved  lines  shown  in  the  following  figures 
represent  the  linear  best-fit  line  and  the  95%  confidence  interval 
respectively. 


Figure  7.  Effect  Response  for  the  Taper  Length 


Using  a  99%  confidence  interval,  it  is  evident  the  land  length  has 
an  effect  on  the  coating  thickness  that  cannot  be  attributed  to  the 
noise  generated  in  the  simulation.  The  absolute  value  of  this 
effect  is  0.021.  The  effect  of  taper  angle  and  the  taper  length 
cannot  be  segregated  from  the  noise  generated  in  the  calculation. 
There  were  no  interactions  between  any  of  the  factors  evaluated  in 
first  part  of  the  numerical  study.  The  results  of  this  first  8  run 
design  indicate  that  the  taper  length  and  the  taper  angle  are 


probably  not  worth  evaluating  in  a  future  experiment  using  the 
geometry  presented  in  this  study. 

In  part  2  of  the  numerical  study,  the  land  length  is  investigated 
with  two  process  parameters  in  a  full  factorial  8  run  design. 
Below  are  the  response  graphs  illustrating  the  effect  of  the  land 
length,  the  applicator  wall  temperature,  and  the  coating  inlet 
pressure  on  the  average  minimum  coating  thickness  over  the 
fibers. 


Figure  8.  Effect  Response  for  the  Land  Length. 


Figure  9.  Effect  Response  for  the  Tool  Wall 
Temperature. 


Using  a  99%  confidence  interval,  each  of  the  variables  evaluated 
in  part  2  has  an  effect  on  the  minimum  coating  thickness  that 
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cannot  be  attributed  to  the  noise  generated  in  the  simulation.  A 
summary  of  the  effect  values  is  shown  in  the  following  table. 


Table  4.  Effect 

Values  for  Part  2. 

Parameter 

Effect 

Land  Length 

-0.017  . 

Applicator  Wall 
Temperature,  T* 

0.068 

Coating  Inlet  Pressure, 

_ e! _ 

0.011 

It  is  interesting  to  observe  that  the  tool  wall  temperature  has  the 
greatest  effect  on  the  response  in  this  example.  This  effect  has  a 
calculated  value  of  0.068.  No  factor  interactions  exist. 

3.  Conclusions 

In  the  optical  fiber  ribbon  example  presented,  it  is  demonstrated 
that  the  use  of  a  relatively  simple  3D  CFD  simulation  reduced  the 
number  of  potential  experimental  variables  from  five  to  three.  It 
was  determined  that  the  applicator  temperature  has  the  most 
significant  influence  on  the  minimum  coating  thickness. 

One  can  gain  valuable  insight  by  utilizing  CFD  as  a  means  of 
screening  parameters  in  an  experiment  intended  to  quantify  a 
process  change  or  to  quantify  the  performance  of  a  new  process. 
The  insight  gained  from  this  exercise  will  reduce  the  cost  of  future 
experimental  work  through  the  proper  selection  of  experimental 
factors  and  their  levels. 
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6.  Appendix 

6.1  Nomenclature 

p  =  Density  of  the  coating. 

V  =  Velocity  of  the  fiber. 

L  =  Characteristic  dimension. 

Rf  =  Radius  of  the  fiber 
p  =  Viscosity  of  the  coating, 
y  =  Surface  tension  of  the  coating. 

K  =  Thermal  conductivity  of  the  coating. 

T  =  Temperature. 

AT  =  Projected  temperature  difference  within  the  coating, 

T0=  Reference  temperature. 

Cp  =  Specific  heat  of  the  fluid. 

<(>  =  Taper  angle. 
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Abstract 

In  this  paper,  we  provide  measurement  results  of  installed  standard 
single  mode  fibre  cables,  which  reveal  the  wavelength  dependence 
of  the  fibre  loss  from  1200  nm  to  1750  nm.  Old  cables  as  well  as 
new  cables  have  been  investigated.  Values  of  measured  fibre  cable 
loss  at  different  wavelengths  are  given,  and  characteristics  of  the 
observed  loss  behaviour  are  outlined.  We  also  reveal  the  wavelength 
dependence  of  additional  losses  due  to  temperature,  tension  and 
crush  for  cable  samples  under  test.  The  field  measurements  and  the 
cable  tests  indicate  that  the  average  loss  in  recently  installed  cables 
should  be  less  than  approximately  0.40  dB/km  in  the  entire 
wavelength  range  1260  nm  -  1675  nm. 

Keywords 

Fibre,  cable,  loss,  installed. 

1.  Introduction 

Today,  it  is  foreseen  that  the  whole  wavelength  range  from  1 260 
nm  up  to  nearly  1700  nm  might  be  used  for  DWDM  optical 
transmission  at  high  bit  rates  up  to  at  least  40  Gbits/s.  This  is 
recognised  by  the  ITU-T  by  defining  a  continuous  spectrum  from 
1260  nm  to  1675  nm;  consisting  of  the  O-band:  1260-1360nm, 
the  E-band:  1360-1460  nm,  the  S-band:  1460-1530  nm,  the  C- 
band:  1530-1565  nm,  the  L-band:  1565-1625  nm,  and  the  U- 
band:  1625-1675  nm. 

Optical  fibre  cables  with  standard  G652-fibres  have  cut-off  values 
of  approximately  1260  nm,  and  are  thus  able  to  transmit  such  a 
large  wavelength  span.  The  fibres  also  have  positive  dispersion 
values  from  around  1300  nm  and  upwards,  which  is  necessary  to 
reduce  non-linear  effects  at  high  bit  rates.  It  is  thus  possible  to  use 
this  fibre  at  the  highest  bit  rates  in  a  very  broad  wavelength  range. 
The  majority  of  installed  cables  up  to  now,  at  least  as  far  as  the 
traditional  operators  are  concerned,  have  been  G652-fibre  cables. 

It  is  thus  of  great  importance  to  investigate  and  evaluate  the 
possibility  of  using  this  wavelength  span  in  existing  cable 
network,  including  old  cables  as  well  as  new  cables. 

Outside  the  traditional  1310  nm-band  and  1550-band,  limited 
attenuation  data  are  available  for  installed  fibre  cables.  Our  earlier 
investigation  of  cable  attenuation  at  1625  nm  [1],  the  upper  limit 
of  the  L-band,  has  encouraged  us  to  investigate  even  higher 


wavelengths  in  the  U-band.  Also,  cable  attenuation  values  in  the 
E-band  and  the  S-band  are  of  great  interest  both  as  transmission 
bands  and  as  pump  wavelengths  for  Raman  amplification.  In  this 
paper,  we  present  loss  values  of  old  and  recently  installed  cables 
in  the  region  1200-1750  nm. 

2.  Measurements 

2.1  Fibre  and  cable 

The  fibres  used  in  our  cables  are  Standard  G652  with  fibre  cut-off 
values  in  the  range  1190  nm-1330  nm.  Our  cables  are  specified 
for  use  at  1550  nm. 

For  the  majority  of  our  installed  cables,  the  cable  cores  consist  of 
fibres  in  stranded  loose  tubes,  surrounded  by  different  kinds  of 
protection  and  tension  members  to  form  duct-,  aerial-  and 
underwater  cables. 

2.2  Measurement  method 

In  the  field  measurements  as  well  as  the  test  measurements,  we 
have  used  a  white  light  source  and  a  spectrum  analyser  to  measure 
the  spectral  loss  curve  of  individual  fibres  from  1200  nm  to  1750 
nm.  The  one  end  patch  panel  connector  was  directly  connected  to 
the  light  source  while  the  other  end  patch  panel  connector  was 
directly  connected  to  the  analyser.  A  short  patch  cord  was  used  as 
the  reference  for  the  field  measurements.  Two-way  OTDR 
measurements  at  1310  nm,  1550  nm  and  1625  nm  was  performed 
on  the  fibre  lengths  in  order  to  control  and  compare  with  the 
spectral.  Since  the  OTDR  measurements  could  not  include  any 
splices  close  to  the  connectors,  the  spectrals  tended  to  give 
slightly  higher  values  than  the  corresponding  OTDR  value. 

As  a  rule  in  the  field  we  measured  fibre  lengths  in  the  range  5-10 
km  in  order  to  achieve  optimum  accuracy.  Typically,  5-10  fibre 
splices  were  included  in  the  measured  path. 

3.  Results 

3.1  Field  measurements 

The  intrinsic  fibre  loss  is  expected  to  dominate  the  overall  fibre 
cable  loss.  In  particular,  the  OH“  hydroxyl  absorption  band 
around  1385  nm  should  be  clearly  visible  throughout  the  E-band. 
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After  installation,  however,  environmental  factors  such  as 
temperature,  crush  and  tension,  or  hydrogen  intrusion,  may  cause 
additional  attenuation  in  the  fibre  cable.  Also,  fibre  splices 
including  the  bending  of  fibres  in  organizers  will  add  to  the  path 
loss.  Each  of  these  added  losses  would  have  characteristic 
wavelength  dependence. 

Obviously,  since  a  field  spectral  integrates  all  losses,  it  is  not 
possible  to  separate  in  detail  possible  different  loss  contributions, 
but  some  clear  tendencies  should  be  evident. 

3. 1 . 1  Undemater  cables. 

In  the  late  1980’ies,  Telenor  installed  underwater  cables  without 
hydrogen  barrier,  which  resulted  in  some  limited  hydrogen  ingress 
into  the  fibres.  The  hydrogen  induced  losses  stabilized  after  a  few 
years  at  low  levels  in  the  O-band  (1310  nm)  and  C-band  (1550 
nm)  [2].  In  Fig.  1  is  shown  spectrals  for  an  underwater  cable 
installed  in  1988.  We  observe  the  OIT  peak  at  1385  nm  as  it 
appeared  at  that  time,  assuming  no  growth  since  installation.  We 
also  register  the  characteristic  main  molecular  hydrogen  peak  at 
1244  nm  as  well  as  two  smaller  H2  related  peaks  at  1590  nm  and 
1700  nm,  respectively.  All  these  peaks  will  affect  the  different 
bands  as  outlined  in  more  detail  in  Chapter  3.2.  Since  1992,  using 
hydrogen  barriers,  all  H2-induced  peaks  have  been  removed,  and 
the  spectrals  are  expected  to  be  similar  to  spectrals  in  duct  cables. 


1200  1250  1300  1350  1400  1450  1500  1550  1600  1650  1700  1750 

Wavelength  (nm) 

Figure  1.  Spectrals  from  old  underwater  cable 
without  hydrogen  barrier. 

3.1.2  Duct  cables. 

In  Figure  2  are  shown  the  spectrals  from  a  duct  cable  installed  in 
1988.  Again,  we  observe  the  rather  high  1385  nm  peak,  while  the 
rest  of  the  spectrum  has  no  evident  features.  The  attenuation 
values  are  low  even  at  wavelengths  up  to  1675  nm.  This  applies 
for  Figure  1  as  well  as  Figure  2. 

In  Figure  3  are  shown  spectrals  from  a  duct  cable  installed  in 
1994.  Now,  the  1385  nm  peaks  have  decreased  markedly 
compared  to  Figure  1  and  Figure  2.  Attenuation  values  are  low  at 
wavelengths  up  to  at  least  1675nm. 
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Figure  2.  Spectrals  from  duct  cable  installed  1988. 


1200  1250  1300  1350  1400  1450  1500  1550  1600  1650  1700  1750 

Wavelength  (nm) 


Figure  3.  Spectrals  from  duct  cable  installed  1994. 

In  Figure  4  are  shown  spectrals  from  a  duct  cable  installed  in 
2002.  Now,  the  1385  nm  peaks  are  even  lower,  and  the 
attenuation  values  are  low  up  to  approximately  1700  nm. 


1200  1250  1300  1350  1400  1450  1500  1550  1600  1650  1700  1750 

Wavelength  (nm) 


Figure  4.  Spectrals  from  duct  cable  installed  2002. 
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Average  loss  (dB/km) 


3.2  Band  affiliation 

In  order  to  study  more  closely  attenuation  behaviour,  we  have 
calculated  the  average  spectral  loss  for  the  measured  fibres  in  each 
cable,  and  plotted  the  average  cable  spectrals  in  the  different  bands. 

3.2.1  The  O-band. 

In  Figure  5  are  shown  the  average  cable  spectrals  in  the  O-band. 
For  the  duct  cables  the  attenuation  decreases  throughout  the  band. 
We  observe  that  the  old  duct  cable  installed  1988  has  uniformly 
higher  attenuation  values  than  the  duct  cables  installed  after  1994. 
This  is  probably  mainly  due  to  the  fact  that  in  the  late  1980’ies, 
splice  losses  were  generally  higher  than  in  recent  years.  Also, 
fibre  losses  were  slightly  higher  than  today.  These  were 
observation  made  in  an  earlier  work  [1].  The  total  spectral 
average  values  for  all  duct  cables  installed  after  1994  are 
calculated  to  0.436  dB/km,  0.376  dB/km  and  0.343  dB/km  at 
1260  nm,  1310  nm  and  1360  nm,  respectively.  In  comparison,  the 
corresponding  total  average  OTDR  value  at  1310  nm  is  0.355 
dB/km.  For  the  old  underwater  cables  the  situation  is  a  little 
different.  Due  to  the  main  H2  absorption  at  1244  nm  and  the 
rather  high  OH  absorption  at  1385  nm,  the  attenuation  values  are 
slightly  elevated  near  the  band  edges  compared  to  the  duct  cables, 
while  in  the  central  region  of  the  band,  the  spectrals  are  very 
similar  to  the  duct  cables. 


Figure  5.  Average  values  of  fibre  cable  losses 
in  the  O-band 

3.2.2  The  E-band. 

In  Figure  6  are  shown  the  average  cable  spectrals  in  the  E-band. 
Here,  great  differences  among  the  cables  are  revealed.  This  is  due 
to  improvements  of  the  fibre  fabrication  process  resulting  in  lower 
intrinsic  fibre  loss.  Through  the  years,  fibre  fabrication  has 
become  more  refined  with  respect  to  the  removal  of  the  OH"  ion 
in  the  glass  matrix,  and  the  spectral  value  at  1385  nm  has  steadily 
decreased,  as  illustrated  in  Figure  7.  We  observe  that  the  present 
peak  value  of  approximately  0.40  dB/km  is  only  slightly  higher 


3.2.3  The  S-,  C-,  L-  and  U-band. 

In  Figure  8  are  shown  the  average  cable  spectrals  in  the  S-,  C-,  L- 
and  U-band.  Again,  the  duct  cable  installed  1988  has  uniformly 
higher  attenuation  values  throughout  all  the  bands  than  recently 
installed  duct  cables.  Keeping  in  mind  that  the  spectral 
dependence  of  splice  losses  tends  to  be  more  or  less  a  constant 
value  [1],  we  believe  that  the  main  reason  for  this  are  the  higher 
splice  losses  observed  in  that  time  period. 

In  the  S-band  the  attenuation  values  are  steadily  decreasing.  The 
calculated  total  average  spectral  attenuation  for  recently  installed 
duct  cables  is  0.273  dB/km  and  0.228  dB/km  at  1460  nm  and 
1530  nm,  respectively. 
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In  the  C-band,  the  attenuation  values  are  practically  constant,  and 
in  the  middle  of  the  C-band  at  1550  nm,  the  new  duct  cable 
spectral  average  value  is  0.226  dB/km.  In  comparison,  the  average 
OTDR-value  is  0.202  dB/km. 


In  the  L-band,  the  attenuation  values  increase  slowly,  and  at  1625 
nm,  the  spectral  average  value  is  0.240  dB/km.  In  comparison,  the 
average  OTDR-value  is  0.216  dB/km. 
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However,  in  new  installed  cables,  there  is  no  evidence  that  any 
substantial  additional  losses  are  present  even  at  1675  nm,  the 
longest  wavelength  in  the  U-band. 

3.3  Cable  tests  measurements 

In  order  to  characterize  the  wavelength  dependence  of  additional 
losses  due  to  temperature,  crush  and  tension  on  the  cable,  duct 
cable  samples  were  subjected  to  extensive  testing,  during  which 
spectrals  were  recorded.  In  the  following,  the  main  results  are 
presented. 

3.3.1  Temperature  test. 

Figure  8  shows  the  spectrals  of  induced  losses  due  to  low 
temperatures  in  a  new  duct  cable.  The  graph  shows  that  the 
additional  losses  are  less  than  the  specified  limit  of  0.1  dB/km  at 
temperatures  less  than  -  40°  C,  for  wavelengths  up  to  1700  nm. 
Similar  results  were  obtained  for  duct  cables  produced  in  1994- 
95.  We  should  note  that  our  aerial  cables  have  better  temperature 
performance  than  our  duct  cables.  Therefore,  these  results  indicate 
that  our  cables  are  temperature  resistant  throughout  the  U-band, 
even  if  they  are  specified  only  for  1550  nm  operation.  In  the  field 
measurements,  temperature  induced  losses  are  not  present. 


Figure  8.  Average  values  of  fibre  cable  losses 
in  the  S-,  C-,  L-  and  U-band 

The  spectral  values  as  well  as  the  OTDR-values  in  the  C-band  and 
in  the  L-band  are  in  agreement  with  earlier  observations  [1]. 

Through  the  U-band,  the  attenuation  values  increase  more  rapidly. 
However,  we  observe  that  the  recently  installed  duct  cable  spectral 
average  at  1675  nm  is  as  low  as  0.342  dB/km,  which  is  lower  than 
the  spectral  average  attenuation  at  1310  nm. 

For  the  old  underwater  cables  the  spectrals  are  different.  Due  to 
the  high  OH~  absorption  at  1385  nm,  the  attenuation  is  elevated 
towards  the  S-band  edge  at  1460  nm,  and  due  to  the  H2  absorption 
at  1700  nm,  the  attenuation  is  elevated  towards  the  U-band  edge 
at  1675  nm  as  shown  in  Figure  8.  We  also  know  that  the  fibre 
attenuation  is  slightly  higher  than  normal  at  1550  nm  as  well  as 
1625  nm  due  to  the  molecular  hydrogen  induced  loss  [2], 

The  field  spectral  measurements  have  revealed  the  characteristics 
of  the  wavelength  dependence  on  fibre  cable  attenuation  of  the 
OH-  absorption,  which  is  present  in  all  cables,  and  the  H2 
absorption,  which  is  present  in  old  underwater  cables.  Also, 
higher  splice  losses  in  old  cables  seems  to  increase  the  attenuation 
more  or  less  uniformly  in  all  bands  compared  to  new  cables. 


Figure  8.  Temperature  induced  loss  increase  in 
new  duct  cable 


3.3.2  Tension  test. 

In  Figure  9  are  shown  additional  losses  due  to  fibre  elongation  at 
cable  tensions  well  above  the  specified  limit  for  a  new  duct  cable. 
We  note  that  significant  induced  losses  are  present  at  all 
wavelengths.  Furthermore,  they  increase  with  increasing 
wavelength  and  elongation. 
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Figure  9.  Loss  increase  due  to  fibre  elongation 
during  tension  test 

Typically,  the  additional  loss  at  1675  nm  is  more  than  2  times  the 
additional  loss  at  1550  nm.  Similar  wavelength  dependence,  only 
with  different  loss  increase  magnitude,  has  been  observed  on 
cables  from  other  manufacturers. 

Considering  that  it  is  not  likely  that  longer  lengths  of  cable  will 
remain  tensioned  above  the  limit  after  installation,  we  believe  that 
losses  due  to  excess  cable  tension  should  not  be  a  problem  if  the 
cables  are  installed  properly.  This  assumption  has  been  confirmed 
in  the  field  measurements  results,  were  additional  losses  of  this 
character  have  not  been  visible  in  the  OTDR  curves  nor  in  the 
spectrals. 


3.3.3  Crush  test. 

In  Figure  9  is  shown  the  spectrals  of  loss  increases  at  15  min.  hold 
time  during  mandrel/plate  crush  test  for  a  new  duct  cable. 


Figure  10.  Mandrel-plate  crush  induced  loss  in 
new  duct  cable 


The  added  loss  increases  with  increasing  wavelength.  Typically, 
the  added  loss  at  1675  nm  is  2  times  the  added  loss  at  1550  nm. 
Also,  the  magnitude  of  the  added  loss  shows  a  significant 
variation.  However,  it  should  be  noted  that  less  than  5-10  %  of  the 
crushes  resulted  in  loss  increases  as  shown.  Thus  the  probability 
of  loss  increase  is  very  low,  and  consequently  a  large  number  of 
crushes  had  to  be  performed  in  order  to  establish  reliable 
statistics.  The  results  are  typical  for  new  cables,  while  the 
statistics  for  older  cables  with  other  constructions  may  be  poorer. 
Added  losses  of  this  type  have  not  been  visible  in  the  field 
measurements  on  recently  installed  cables. 

4.  Conclusions 

We  have  measured  the  attenuation  spectrals  for  a  number  of 
installed  fibre  cables  of  different  type  and  age. 

In  the  O-band,  we  have  found  that  the  total  spectral  average 
values  for  duct  cables  installed  after  1994  are  0.436  dB/km,  0.376 
dB/km  and  0.343  dB/km  at  1260  nm,  1310  nm  and  1360  nm, 
respectively. 

In  the  E-band,  the  inherent  fibre  OH"  absorption,  which  is  present 
in  all  our  fibre  cables,  is  totally  dominant.  However,  the  peak 
value  at  1385  nm  has  decreased  from  nearly  1.0  dB/km  in  1987  to 
0.40  dB/km  in  2002,  due  to  improvements  in  the  fibre  fabrication 
process. 

In  the  S-band,  we  have  found  the  total  average  spectral 
attenuation  for  duct  cables  installed  after  1994  to  be  0.273  dB/km 
and  0.228  dB/km  at  1460  nm  and  1530  nm,  respectively. 

In  the  C-band,  the  attenuation  values  are  practically  constant,  and 
in  the  middle  of  the  C-band  at  1550  nm,  the  post  1994  installed 
duct  cable  spectral  average  value  is  0.226  dB/km. 

In  the  L-band,  the  attenuation  values  increase,  and  at  1625  nm, 
the  spectral  average  value  is  0.240  dB/km  for  duct  cables 
installed  after  1994. 

In  the  U-band,  the  attenuation  values  increase  further,  but  not 
dramatically.  The  post  1994  installed  duct  cable  spectral  average 
value  at  1 675  nm  is  found  to  be  0.342  dB/km. 

OTDR-values  at  1310  nm,  1550  nm  and  1625  nm  are  typically 
0.02-0.03  dB/km  lower  than  the  corresponding  spectral  values. 

Since  each  spectral  include  typically  4  end  splices  while  the 
OTDR  does  not,  the  spectral  values  presented  here,  measured  on 
lengths  of  6- 10km,  are  pessimistic  when  considering  long  link 
lengths  of  100  km  or  more.  In  such  a  case  we  may  assume  that  the 
spectral  values  would  be  lower  and  closer  to  the  OTDR-values. 

We  have  observed  that  duct  cables  installed  before  1990,  have 
uniformly  higher  attenuation  values  throughout  all  bands  due  to 
higher  splice  losses  and  slightly  higher  fibre  losses  as  well. 
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In  old  underwater  cables  without  hydrogen  barrier,  the  attenuation 
values  are  slightly  elevated  at  the  O-band  edges  due  to  hydrogen 
and  OH"  absorption.  For  the  same  reason,  the  attenuation  values 
towards  the  S-band  edge  at  1440  nm  and  the  U-band  edge  at  1675 
nm  are  elevated  compared  to  the  duct  cables.  However,  such  edge 
effects  are  reduced  in  a  practical  link,  where  underwater  cables 
usually  form  a  small  part  of  the  total  link. 

We  have  revealed  the  characteristic  wavelength  dependence  of 
additional  losses  due  to  temperature,  tension  and  crush,  which  all 
increase  with  increasing  wavelength.  However,  we  have  found 
that  our  cables  are  temperature  resistant  up  to  1675  nm,  even  if 
they  are  specified  only  for  1550  nm  operation.  Furthermore, 
additional  losses  due  to  fibre  tension  are  not  dramatically  higher 
at  1675  nm  than  at  1550  nm,  and  losses  due  to  remaining  excess 
cable  tension  should  not  be  a  problem  if  the  cables  are  installed 
properly.  Accordingly,  added  losses  of  this  kind  have  not  been 
observed  in  the  measurement  signatures.  Likewise,  additional 
losses  due  to  mandrel/plate  crush  are  of  statistical  nature  with  low 
probability,  and  are  not  dramatically  higher  at  1675  nm  than  at 
1550  nm.  Moreover,  added  losses  of  this  type  have  not  been 
visible  in  the  field  measurements  on  recently  installed  cables. 
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Abstract 

Copper  cable  pairs  used  to  carry  solely  traffic  consisting  in  voice 
analog  electrical  signals.  However,  with  the  appearance  of  the 
Internet,  those  same  copper  cables  have  been  used  for  data 
traffic.  With  the  increasing  demand  for  data  traffic,  and 
increasingly  higher  data  rates,  there  came  into  existence  the 
digital  subscriber  line  (DSL),  which  further  increases  the  data 
rate  to  be  supported  by  the  old  copper  pair  cable  network.  That 
technology  makes  use  of  digital  signal  processing,  advanced 
algorithms,  filters,  analog/digital  converters. 

However,  in  order  that  such  transmission  rates  may  be  reached,  it 
is  necessary  to  relay  the  service  through  short  distances,  in  ideal 
transmission  conditions.  There  is  also  the  problem  of  signal 
interference  between  the  conductor  pairs,  known  as  cross  talk 
that  limit  the  utilization  of  all  pairs  using  digital  transmission. 

In  order  to  solve  these  problems,  was  studied  cables  design  and 
was  developed  a  twisted  conductor  pair  cable  having  improved 
electrical  characteristics  in  ADSL  Systems. 

Keywords 

DSL,  ADSL,  digital  transmission,  copper  cable,  twisted  pair, 
cross  talk,  electrical  noise. 

1.  Introduction 

In  the  past,  copper  pair  cables  were  used  solely  for  traffic 
consisting  in  analog  electrical  signals  (voice  frequency). 
However,  with  the  appearance  of  the  Internet,  those  same  copper 
cables  have  been  used  for  digital  signals  (data  traffic).  With  the 
increasing  demand  for  data  traffic,  and  increasingly  higher  data 
rates,  there  came  into  existence  the  digital  subscriber  line  (DSL), 
which  further  increases  the  data  rate  to  be  supported  by  the  old 
copper  pair  cable  network. 

That  technology  makes  use  of  digital  signal  processing,  advanced 
algorithms,  filters,  analog/digital  converters,  such  as  that  in  the 
ADSL  (Asymmetric  Digital  Subscriber  Line)  type  of 
transmission  it  is  possible  to  reach  rates  up  to  8  Mbps  for 
downstream  transmission  and  640  kbps  for  upstream 
transmission,  thus  rendering  the  ADSL  technology  particularly 
appealing  for  downloading  Internet  files. 


However,  in  order  to  reach  such  higher  transmission  rates,  it  is 
necessary  to  relay  the  service  through  distances  of  at  least  2  km, 
in  ideal  transmission  conditions.  There  is  also  the  problem  of 
signal  interference  between  the  conductor  pairs,  known  as  cross 
talk.  There  is  a  recommendation  widely  used  by  the  telephony 
service  operators,  whereby  only  8  of  every  25  conductor  pairs  of 
a  cable  may  be  used  for  traffic  of  a  digital  system,  in  order  to 
avoid  cross  talk. 

In  order  to  solve  these  problems,  there  has  been  developed  a 
twisted  conductor  pair  cable  having  improved  electrical 
characteristics,  whereby  it  is  possible  to  reach  across  greater 
distances  with  the  service,  and  also  to  use  all  the  conductor  pairs 
of  a  cable  for  digital  transmission  purposes  in  higher  digital 
transmission  rate. 

So  it  was  necessary  to  study  the  influences  it  of  these  services 
between  itself  and  to  determine  the  maximum  occupation  and 
reach  in  function  of  the  types  of  cables  and  ADSL  interference. 

For  this  study,  two  types  of  cables  have  been  used:  a  standard 
cable  and  the  new  developed  cable  of  enhanced  performance  in 
ADSL. 

2.  Theory  analysis 

In  order  to  solve  the  first  basic  problem,  i.e.,  to  allow  an  increase 
in  the  distance  reached  by  the  digital  system,  there  has  been 
made  an  option  to  reduce  attenuation  in  the  line  without  the  need 
to  alter  the  gauge  of  the  metallic  conductor.  Any  signal  is  subject 
to  attenuation,  i.e.,  loses  power  as  it  is  carried  along  a  line.  The 
parameters  that  are  responsible  for  this  loss  of  power  are  the 
resistance  of  the  conductors,  the  conductance  (dielectric  loss),  the 
capacitance  and  the  inductance. 

Since  attenuation  is  directly  proportional  to  capacitance,  in  order 
to  reduce  attenuation  in  the  line,  the  mutual  capacitance  of  the 
conductor  pairs  was  reduced,  there  being  achieved  thereby  an 
attenuation  reduced  by  20%  in  average  as  compared  to 
conventional  cables,  without  the  need  to  alter  the  diameter  of  the 
copper  conductor.  The  reduction  in  capacitance  could  was 
achieved  by  increasing  the  insulation  thickness,  since  the  mutual 
capacitance  inversely  proportional  to  the  distance  between  the 
pair  conductors. 
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However,  in  order  to  achieve  the  desired  levels  of  mutual 
capacitance,  using  only  the  insulation  provided  by  a  solid  sheath 
of  polyethylene  for  the  conductor,  it  would  be  necessary  to 
excessively  increase  the  diameter  of  the  insulated  conductor,  that 
in  turn  would  cause  an  increase  of  diameter  and  weight  of  the 
overall  cable  assembly,  which  would  be  inconvenient  from  both 
in  terms  of  cost  and  in  terms  of  installation.  Although 
inconvenient,  this  solution  using  solid  polyethylene  is  technically 
feasible.  However,  in  order  to  avoid  the  problems  incurred  by 
increased  weight  and  diameter,  an  option  was  made  to  use  a 
combination  of  cellular  and  solid  insulation 

The  second  basic  problem  in  digital  transmission  is  the 
maximum  number  of  conductor  pairs  that  simultaneously  use  the 
digital  service  within  one  same  cable.  An  increasing  number  of 
conductor  pairs  carrying  data  will  correspond  to  increasing  cross 
talk. 

Cross  talk  is  the  transfer  of  energy  from  a  circuit  (conductor  pair) 
to  another,  causing  loss  of  power  of  the  signal  being  transmitted 
in  the  affected  conductor  pair. 

In  order  to  reduce  the  effect  of  cross  talk,  there  are  widely  used 
twisted  conductor  pairs,  since  that  when  the  conductor  pairs  are 
twisted  with  one  another  there  occurs  an  effect  of  mutual 
cancellation  of  electromagnetic  forces,  causing  a  reduction  in 
cross  talk.  Normally  the  conductor  pairs  of  the  cables  are  twisted 
with  different  pitches,  a  characteristic  referred  to  as  pitch  series. 
This  concept  has  been  used  with  a  special  pitch  series,  shorter 
than  usual,  with  pitches  distinct  from  one  another,  following  a 
geometric  progression,  according  to  studies  that  were  conducted 
and  results  that  were  achieved  empirically. 

The  ratio  between  the  two  twisting  pitches  follows  a  geometric 
progression: 

an  =  a1.qnl  (D 

There  is  not  a  satisfactory  mathematical  model  for  calculation  of 
the  impact  of  pitches  upon  cross  talk,  but  it  is  known  that  shorter 
pitches  provide  better  electrical  performance.  It  is  necessary  to 
perform  a  cost/benefit  analysis  when  deciding  on  a  pitch  series. 

Therefore,  the  electrical  performance  results  obtained  in  the  tests 
performed  in  the  sample  are  the  consequence  of  the  combination 
of  two  changes  in  cable  design:  an  increase  in  the  conductor 
insulation  thickness  together  with  the  change  of  design  of  the 
series  of  pitches  used  for  twisting  the  conductor  pairs. 

The  thickness  of  the  double  insulation  may  vary,  ranging  from 
what  would  amount  to  a  very  small  thickness  value  (almost  null) 
of  one  of  these  (cellular  insulation  or  solid  insulation)  to  a  very 


large  value  of  the  other,  including  the  possibility  of  very  similar 
thickness  values  for  both  insulation.  Nevertheless,  in  order  that 
the  result  is  satisfactory,  it  is  necessary  to  shift  the  level  of 
mutual  capacitance  which  is  used  in  prior  art  with  a  value  of 
51nF.  This  mutual  capacitance  shift  should  be  at  least  about  20% 
less,  which  causes,  for  example  for  a  cable  configuration  of  dry 
core  having  insulated  conductors  made  of  solid  polyethylene,  that 
is  necessary  to  increase  by  about  30%  the  insulation  thickness 
leading  the  mutual  capacitance  to  about  40  nF/km.  Lower  mutual 
capacitance  values  may  be  used  provided  that  the  cost/benefit 
relationship  for  the  design  is  evaluated. 

The  first  layer  is  made  of  cellular  polyethylene,  since  this 
material  has  a  low  dielectric  constant  (Er).  Over  the  layer  of 
cellular  material  there  is  applied  a  layer  of  solid  polyethylene, 
with  much  higher  dielectric  constant.  This  combination  of 
dielectric  constants  is  advantageous  since  thereby  the  resulting 
constant  is  lower  than  the  constant  in  the  case  of  solid 
polyethylene  insulation,  and  therefore  the  diameter  of  the 
insulated  conductor  will  be  smaller.  This  is  due  to  the  fact  that 
the  capacitance  is  directly  proportional  to  the  dielectric  constant, 
thus  the  same  capacitance  may  be  achieved  without  resorting  to 
an  excessive  increase  in  diameter  of  the  insulated  conductor. 

Once  the  diameter  of  the  conductor  has  been  determined,  there 
should  be  calculated  which  will  be  the  diameter  of  the  assembly 
comprising  the  conductor  and  its  thermoplastic  insulation,  also 
referred  to  as  the  insulated  wire.  This  diameter  is  directly 
dependent  on  the  mutual  capacitance  that  is  desired  to  be 
achieved  in  the  cable. 

Upon  there  having  been  determined  the  diameter  of  the  insulated 
wire,  it  may  be  necessary  to  calculate  the  coaxial  capacitance, 
since  some  machines  control  the  diameter  of  the  insulated  wire 
by  means  of  the  coaxial  capacitance. 


Cco  axial 

2*  e°fr  l0-! 

0V 

(2) 

Ccoaxial 

=  Coaxial  capacitance  (pF/m) 

£o 

=  vacuum  permittivity  (8,854 . 10'12  F/m) 

£r 

=  Relative  dielectric  constant  of  the  insulating  material 

< pv 

=  diameter  of  the  insulated  copper  (mm) 

(j)C 

-  diameter  of  the  conductor  (mm) 

Figure  1,  2  and  3  is  a  chart  illustration  comparing  the 
improvement  in  attenuation  at  20°C,  FEXT  (far  end  cross  talk) 
and  NEXT  (Near  end  cross  talk)  according  to  frequency  for  a 
cable  Fast  Copper  and  reference. 
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Figure  1  -  Attenuation  at  20°C  according  to  frequency 
for  a  cable  Fast  Copper  and  reference. 


Figure  2  -  FEXT  (Far  end  cross  talk)  according  to 
frequency  for  a  cable  Fast  Copper  and  reference. 


Figure  3  -  NEXT  (Near  end  cross  talk)  according  to 
frequency  for  a  cable  Fast  Copper  and  reference. 


3.  Experimental  Analysis 

To  better  evaluate  the  electrical  performance  of  copper  cables  in 
the  ADSL  systems  we  have  decided  to  realize  tests  using  a 
DSLAM,  modems  and  spectrum  analyzer  and  broad  band  noise 
measurement  used  in  ADSL  systems. 


Figure  4.  Test  Configuration 
3.2  Test  Method 

The  tests  had  been  carried  through  first  in  conventional  copper 
cable  sample  CTP  APL  40  x  100  pairs  (Solid  insulated  copper 
cable  -  NBR9124  -  Brazilian  specification)  ,  which,  for 
simplification,  we  will  call  reference  sample.  Later  the  same 
tests  they  had  been  carried  through  in  other  cables  sample  (Fast 
Copper  40  x  100  pairs),  which  we  will  call  Fast  Copper  sample. 
Of  this  form  the  results  could  have  been  compared  between 
them. 

For  accomplishment  of  the  tests  the  following  procedures  had 
been  adopted: 

-  With  the  configuration  of  test  of  figure  1 ,  they  had  been  carried 
through  measured  in  sample  length  from  3km  until  a  total  of 
5,5km  for  the  sample  reference  and  6,5km  for  the  sample  Fast 
Copper.  These  had  been  the  maximum  values  of  distance  that 
had  synchronism  between  the  modems. 

-  For  5,5km  they  had  been  used:  a  group  of  the  handle  of  3  km, 
four  groups  of  the  handle  of  500m  plus  a  pair  of  one  of  the 
groups  in  Loop.  For  6,5km  they  had  been  used:  two  groups  of  the 
handle  of  3km  in  Loop  plus  a  group  of  the  handle  of  500m.  For 
each  sample  we  had  one  length  of  3km  and  a  sample  length  of 
500m. 

-  For  every  length  they  had  been  monitored  the  traffics  of  data 
using  the  equipment  SmartBits  2000,  configured  as  protocol  of 
tests  for  qualification  of  systems  ADSL. 

-  The  management  of  the  DSLAM  had  measured  the 
transmission  rate  of  Upstream  and  Downstream.  The  data  had 
been  gotten  using  the  management  of  one  same  modem,  being 
that  this  always  made  the  negotiation  with  the  DSLAM  after  all 
to  be  synchronized. 

-  As  the  DSLAM  was  configured  for  opened  profile,  the  speeds 
negotiated  between  modems  ADSL  and  the  DSLAM  had  been 
always  the  principles  for  each  case. 

In  every  sample  we  have  connected  the  maximum  number  of 
ADSL  modems  and  have  observed  the  occupation  capacity  at  the 
same  group  (25  pairs)  of  the  sample. 

3.3  Results 

The  results  may  be  presented  in  three  parts. 
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3.3.1  Attenuation  and  transmission  rates. 

In  the  table  1  and  2  are  presented  the  results  of  electrical 
attenuation  and  the  transmission  rate  (Up  and  Downstream). 


Table  1  -  Reference  sample  -  Electrical  attenuation  and 
the  transmission  rate  (Up  and  Downstream). 


Sample  Length 
[km] 

Attenuation 
Up  [dB] 

Attenuation 

Down(dB) 

Transmisson  rate 
Average  [kbps] 

3 

31,5 

49,5 

6333 

4 

31,5 

62,5 

3088 

4,5 

31,5 

68,0 

1996 

5 

31,5 

73,4 

1166 

5,5 

31,5 

80,0 

592 

Table  2  -  Fast  Copper  sample  -  Electrical  attenuation 
and  transmission  rate  (Up  and  Downstream). 


Sample  Length 

Attenuation 

Attenuation 

Transmission  rate 

[km] 

Up  [dB] 

Down  [dB] 

Average  [kbps] 

3 

28.1 

43.6 

7278 

4 

31.5 

53.7 

5326 

4,5 

31.5 

59.9 

3536 

5 

31.5 

63.0 

1734 

5,5 

31.5 

67.0 

1501 

6 

31.5 

70.8 

1312 

6,5 

31.5 

75.5 

970 

At  the  figure  5  are  presented  the  results  of  transmission  rate 
(downstream)  in  function  of  sample  length  for  both  samples. 


Figure  5  -  Transmission  rate  downstream  according 
to  sample  length. 


3.3.2  NEXT  and  FEXT  -  Eiectricai  noise. 

Beyond  the  measures  of  attenuation  and  transmission  rate  the 
sample  had  been  carried  through  also  measurements  of  NEXT 
and  FEXT  in  25  pair. 

Being  overcome  for  base  the  measurements  carried  through  with 
4km  in  the  samples  reference  and  Fast  Copper,  it  is  possible  to 
compare  the  noise  with  each  insertion  of  modems  through  tables 
3  and  4. 

Table  3  -  Reference  sample  -  NEXT  and  FEXT 
according  to  ADSL  modems  number. 


Reference  sample 

NEXT 

(dBm) 

NEXT 

(mW) 

FEXT 

(dBm) 

FEXT 

(mW) 

Pair 

Number  of 
DSL  modem 

1 

0 

-55.8 

0.0026 

-59.4 

0.0011 

2 

1 

-59.6 

0.0011 

-59.8 

0.0010 

3 

2 

-38.2 

0.1514 

-58.4 

0.0014 

5 

3 

-37.8 

0.1660 

-58.4 

0.0014 

6 

4 

-37.2 

0.1905 

-58 

0.0016 

7 

5 

-37.4 

0.1820 

-58 

0.0016 

8 

6 

-36.4 

0.2291 

-57.6 

0.0017 

9 

7 

-36.2 

0.2399 

-57.4 

0.0018 

10 

8 

-35.6 

0.2754 

-57.2 

0.0019 

11 

9 

-35.4 

0.2884 

-57 

0.0020 

12 

10 

-35 

0.3162 

-56.4 

0.0023 

13 

11 

-34.6 

0.3467 

-56.2 

0.0024 

14 

12 

-34.5 

0.3548 

-55.6 

0.0028 

15 

13 

-34.4 

0.3631 

-56.2 

0.0024 

16 

14 

-34.3 

0.3715 

-55.6 

0.0028 

17  i 

15 

-34.2 

0.3802 

-55.6 

0.0028 

18 

16 

-32.5 

0.5623 

-55.5 

0.0028 

19 

17 

-32.4 

0.5754 

-55.4 

0.0029 

20 

18 

-32.1 

0.6166 

-55.2 

0.0030 

Table  4  -  Fast  Copper  sample  -  NEXT  and  FEXT 
according  to  ADSL  modems  number. 


Fast  Copper  sample 

NEXT 

[dBm] 

NEXT 

[mW] 

FEXT 

[dBm] 

FEXT 

[mW] 

Pair 

Number  of 
DSL  modem 

1 

0 

-60 

0.0010 

-60 

0.0010 

2 

1 

-52.2 

0.0060 

-60 

0.0010 

3 

2 

-48.5 

0.0141 

-60 

0.0010 

5 

3 

-47.2 

0.0191 

-60 

0.0010 

6 

4 

-46.8 

0.0209 

-60 

0.0010 

7 

5 

-46.6 

0.0219 

-60 

0.0010 

8 

6 

-46.2 

0.0240 

-60 

0.0010 

9 

7 

-45.3 

0.0295 

-60 

0.0010 

10 

8 

-45 

0.0316 

-60 

0.0010 

11 

9 

-43 

0.0501 

-59 

0.0013 

12 

10 

-42.8 

0.0525 

-58.7 

0.0013 

13 

11 

-42.4 

0.0575 

-59.4 

0.0011 

14 

12 

-42.5 

0.0562 

-59.2 

0.0012 

15 

13 

-42.3 

0.0589 

-59.2 

0.0012 

16 

14 

-42 

0.0631 

-59 

0.0013 

17 

15 

-42 

0.0631 

-59.2 

0.0012 

18 

16 

-41.8 

0.0661 

-59 

0.0013 

19 

17 

-40.5 

0.0891 

-58.8 

0.0013 

20 

18 

-40 

0.1000 

-56 

0.0025 

It  can  be  observed  for  Figure  6  and  7  that  a  gain  in  the  levels  of 
noise  of  samples  Fast  Copper  comparing  with  the  sample 
reference. 
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so  has  observed  a  directly  proportional  increment  of  the  level  of 
noise  with  the  increase  of  active  canals  and  in  the  capacity  of 
transmission  of  signals. 

It  was  possible  to  also  determine  that  the  sample  Fast  Copper, 
when  compared  with  the  sample  reference  reaches  distances  of 
until  1km  bigger,  or  that,  for  the  same  distance  reaches  1  Mbps 
more  than  the  transmission  rate. 

Concluding  then  in  same  condition  the  sample  Fast  Copper  have 
higher  electrical  performance  and  supports  a  bigger  insertion  of 
electric  losses. 


Figure  6  -  NEXT  according  to  ADSL  modems  count. 


-30 
c’  -35 
m  -40 
2.  -45 

S-50 
-55 
u-  -60 
-65 


Modems 


- Reference - Fast  Copper _ 

Figure  7  -  FEXT  according  to  ADSL  modems  count 

This  gain  in  average  is  of  7,6  dBm  for  NEXT  and  2,3  dBm  for 
FEXT.  Moreover  it  can  be  observed  that  the  power  of  noise 
NEXT  and  FEXT  in  gotten  broad  band  in  the  adjacent  pair  was 
increasing  to  each  synchronized  modem,  however  had  little 
variation  in  the  transmission  rate  of  system  ADSL  (  figure  8). 

3.3.3  Transmission  rate  after  DSL  modems  insertion 

In  the  figure  8  is  presented  the  transmission  rate  in  function  of 
number  of  ADSL  modems  inserted.  For  both  samples  we  can 
observe  a  small  reduction  of  transmission  rate. 


Number  of  ADSL  modems 


♦  Fast  Copper  ■  Reference 

Figure  8  -  Transmission  rate  according  to  ADSL 
modems  number  -  sample  length  4km 
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4.  Conclusions 

From  the  results  of  the  electrical  tests  using  insertion  of  ADSL 
modems  and  sample  length  can  be  concluded: 

For  ADSL  insertion  it  is  concluded  that  it  inside  the  group  did 
not  have  limitation  of  the  percentage  of  occupation  of  a  group  of 
25  pairs,  independently  of  the  length  and  the  type  of  cable,  even 
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Abstract 

High  fiber  count  ribbon  cables  are  widely  used  in  Access 
Networks.  They  are  often  laid  inside  of  pre-installed  pipes.  These 
pipe  resources  are  very  precious  in  China,  and  telecommunication 
carriers  are  always  tiying  to  fill  existing  pipes  with  the  highest 
fiber  count  cables.  That  means  the  outer  diameter  of  the  cable 
should  be  as  small  as  possible.  This  paper  presents  a  novel  cable 
structure  that  uses  two  flat  steel  wires  as  strength  members  of  the 
cable.  This  cable  has  a  smaller  outer  diameter  when  compared  to 
cables  with  two  round  steel  wires  as  strength  members,  and  has  a 
lower  risk  of  process  upset  than  cable  that  are  manufactured  with 
four  small  round  steel  wires. 

Keywords 

Ribbon  Cable;  Flat;  Steel  wire;  Strength  member. 

1.  Introduction 

Central  core  ribbon  cables  generally  have  a  smaller  outer  diameter 
than  stranded  core  cables.  They  normally  have  two  steel  wires  that 
are  placed  180  degree  apart  within  the  cable’s  jacket  as  strength 
members.  (See  figure  1.)  This  strength  member  configuration 
contributes  to  the  cable’s  outer  diameter,  which  may  exceed  the 
practical  limit  for  some  duck  installation  at  higher  fiber  count 
cable  designs.  In  China,  the  inner  diameter  of  the  pipe  in  which 
cables  are  laid  is  normally  90  mm,  which  normally  houses  three 
sub-pipes  with  inner  diameters  of  28  mm  each.  The  outer  diameter 
of  cables  should  be  limited  to  a  certain  value  (approx.  20  mm), 
otherwise  installation  will  be  quite  difficult.  One  method 
commonly  used  to  reduce  the  outer  diameter  is  to  use  four  or  more 
small  round  strength  members  (Figure  2)  to  replace  two  larger 
round  strength  members.  Using  this  method,  the  outer  diameter  of 
cable  is  reduced  by  1  mm  at  least,  but  cable  manufacturing  is 
more  complicated  since  it  needs  more  wire  pay-off  units  and  has  a 
higher  risk  of  process  upsets. 

To  simplify  the  structure  and  production  process,  while  keeping 
the  same  outer  diameter  and  mechanical  performance  of  the  cable, 
we  designed  a  new  cable  structure  with  two  flat  steel  wires  as 
strength  members  (Figure  3). 

The  cross  section  of  the  flat  steel  wire  used  in  our  new  cable 
design  is  approximate  a  rectangle,  which  is  2mm  long  and  1mm 
wide.  A  reel  of  prototype  cable  has  been  manufactured  with  two 
flat  steel  wires  as  strength  members.  The  production  process  is 
stable  and  the  surface  of  the  cable  is  smooth  and  round. 

Cable  testing  has  been  completed  that  focused  on  the  mechanical 
performance  of  the  cable,  including  twist,  cyclic  flexing,  tensile 
strength  and  toughness.  The  results  show  that  the  mechanical 
performance  of  the  cable  can  meet  the  requirements  and 
specifications  of  our  customer. 


Central  core 

Filling  compound 
Ribbon 

Flooding  compound 

Round  steel  wire 
Steel  tape 
Jacket 
Rip  cord 

Fiaure  1.  Cable  with  two  01.5mm  steel  wires 

Central  core 

Filling  compound 
Ribbon 

Flooding  compound 

Round  steel  wire 
Steel  tape 
Jacket 
Rip  cord 

Figure  2.  Cable  with  four  01  .Omm  steel  wires 

Central  core 
Filling  compound 
Ribbon 

Flooding  compound 
Flat  steel  wire 

Steel  tape 
Jacket 
Rip  cord 

Figure  3.  Cable  with  two  flat  steel  wires 
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2.  Cable  Manufacturing 

Flat  steel  wire  is  much  different  than  round  steel  wire  while  being 
paid-off 

The  flat  steel  wire  pay-off  units  used  in  the  cable  manufacturing  are 
the  same  as  the  round  steel  wire  pay-off  units,  however,  some  new 
wire  alignment  equipments  were  designed  and  used  to  keep  the  wire 
from  twisting.  Special  tools  and  apparatus  also  have  been  used  to 
ensure  the  flat  steel  wires  maintaining  a  stable  position  within  the 
cable  jacket. 

A  reel  of  cable  was  manufactured  with  two  1  x2mm  flat  steel  wires 
as  strength  members.  The  process  is  stable  and  the  flat  steel  wires 
maintaining  their  proper  positions  in  the  cable  jacket. 

3.  Test  and  Result 

3.1  Mechanical  Performance 

In  this  new  cable  structure,  we  used  flat  steel  wires  to  replace  the 
traditional  round  steel  wires  as  strength  members,  and  made  no 
other  design  changes.  Because  central  core  ribbon  cable  with  round 
steel  wires  as  strength  members  is  a  mature  structure  and  they  are 
widely  used  today,  our  tests  on  the  new  cable  structure  were  focused 
on  its  mechanical  performance  which  includes  tensile  strength,  twist, 
cycle  flexing,  impacting,  and  toughness.  Except  for  cable  toughness, 
all  tests  are  based  on  the  requirements  of  IEC794-1: 1996  [1]. 


Figure  4.  Att.  increase  in  tensile  test 

3.1.1  Tensile  Strength  of  Cable.  Tensile  tests  of  the  cable 
have  been  completed.  A  length  of  cable  sample  was  installed  on 
the  tensile  strength  testing  machine,  then  specified  incidental  and 
long  term  tensile  load  was  added  on  the  cable.  The  attenuation 
increase  and  fiber  strain  of  the  cable  was  measured  at  the  same 
time.  The  results  showed  that  the  attenuation  increase  of  the  cable 
does  not  exceed  the  specified  value,  and  the  measured  fiber  strain 
is  lower  than  the  required  specification.  No  residual  fiber  strain 
was  observed  after  the  tensile  force  had  been  unloaded.  Figure  4 
shows  the  attenuation  increase  of  the  fibers,  curve  A  represents  the 
fiber  with  highest  attenuation  increase  and  curve  B  stands  for  the 
lowest.  Table  1  shows  the  fiber  strain  in  the  test. 


Table  1.  Fiber  strain  in  tensile  strength  testing 


Tensile  force 

Long  term  load 

Incidental  load 

Specified  strain  of  cable 
_ (%) 

<0.05% 

<0.25% 

Observed  strain  of  cable 
_ (%) 

0.012%  -0.020% 

0.1 43% -0.1 46% 

3.1.2  Cable  Twist.  A  one-meter  sample  of  the  cable  was  twisted 
ten  times  through  ±180°  on  the  twist  testing  machine  while  the 
attenuation  increase  was  measured  at  the  same  time.  No  evidence 
of  cracking  or  splitting  of  the  cable  jacket  was  observed  after  the 
test  and  the  attenuation  increase  did  not  exceed  the  allowable 
value  of  the  specification.  The  test  results  are  shown  in  Table  2. 

Table  2.  Attenuation  increase  in  cable  twist,  cyclic 
_  flexing  and  impacting 


Test  items 

Specified  Attenuation 
Increase  (dB) 

Observed  Attenuation 
Increase  (dB) 

Twist 

<0.05 

-0.01~0.01 

Cyclic  flexing 

<0.05 

0.00-0.01 

Impacting 

<0.05 

0.00-0.01 

3.1.3  Cable  Cyclic  Flexing.  When  the  cable  was  taken  up  on 
the  reel,  the  bending  direction  was  perpendicular  to  a  line 
connecting  the  two  steel  wires  and  parallel  with  the  long  side  of 
flat  steel  wire.  The  bending  direction  in  the  test  is  in  the  same 
orientation. 

Several  meters  long  sample  of  cable  was  installed  vertically  on  the 
cyclic  flexing  testing  machine,  then  it  was  bended  thirty  times 
through  ±90  °  under  specified  tension  load,  the  attenuation 
increase  of  the  cable  was  measured  at  the  same  time.  The  testing 
results  showed  that  the  cable  can  withstand  mechanical  flexing 
without  exceeding  the  allowable  attenuation  increase  and  the  outer 
cable  jacket  exhibits  no  evidence  of  cracking  or  splitting.  The  test 
results  are  shown  in  Table  2. 

3.1.4  Cable  Impact.  While  being  tested,  the  sample  of  cable 
was  laid  on  a  flat  and  was  impacted  ten  times  by  a  one-kilogram 
weight  which  was  one  meter  higher  than  the  sample.  Five 
different  points  of  the  cable  were  tested.  Meanwhile,  the 
attenuation  increase  was  measured.  The  results  showed  that  cable 
can  withstand  the  specified  impact  force  without  exceeding  the 
permissible  attenuation  increase,  and  the  cable  jacket  exhibited  no 
evidence  of  cracking  or  splitting.  Table  2  shows  the  test  results. 

3.1.5  Cable  Crushing.  The  specified  long  term  and  incidental 
compressive  load  was  added  on  a  ten-centimeter-long  sample  of 
cable  and  lasted  for  one  minute  respectively,  three  different 
section  of  cable  were  tested  and  the  attenuation  increase  was 
measured  at  the  same  time.  The  results  showed  that  the  fibers 
subjected  to  long  term  and  incidental  compressive  load  did  not 
exceed  the  allowable  increase  in  attenuation.  The  results  are 
shown  in  table  3. 


International  Wire  &  Cable  Symposium 


388 


Proceedings  of  the  51st  IWCS 


Table  3.  Attenuation  increase  in  cable  crushing 


load 

Specified  Attenuation 
Increase  (dB) 

Observed  Attenuation 
Increase  (dB) 

Incidental 

<0.05 

0.00 

Longterm 

<0.05 

-0.01~0.01 

3.1.6  Cable  Toughness.  Toughness  of  the  cable  is  related  to 
the  flexibility  of  the  cable.  If  the  cable  is  inflexible,  installation  of 
the  cable  will  be  difficult.  We  tested  and  compared  the  toughness 
of  cable  with  two  flat  steel  wires  to  cable  with  two  round  steel 
wires 

The  test  method  is  shown  in  Figure  5.  If  a  force  F  is  added  on  the 
cable,  it  causes  the  cable  to  move  a  distance  y.  If  the  testing  cable 
length  is  L,  the  toughness  B  of  the  cable  can  be  calculated  by  the 
equation  below. 

B=L3F/(3y)  [2] 


F 


Figure  5.  Test  method  for  cable  toughness 

Table  4  shows  the  test  results.  The  toughness  of  the  cable  is  almost 
the  same  as  the  one  using  a  traditional  structure  of  two  0 1.5mm 
round  steel  wires  as  strength  members. 


Table  4.  Comparison  for  cable  toughness 


Cable 

No. 

Steel  wire 
dimension  (mm) 

Steel  wire  number 

Toughness 

(Nm2) 

1 

1X2 

2 

1.63 

2 

<t>1.5 

2 

1.67 

3.2  Temperature  Behavior  of  Cable 


3.2.1  Temperature  Cycling  Test  of  the  Cable.  The 

temperature  cycling  properties  of  the  cable  were  tested.  The 
attenuation  increase  of  the  fibers  was  measured  at  temperature 
extremes  of  ^10oC  and  70 °C.  The  results  are  shown  in  table  5. 


Table  5.  Temperature  cycling  test  of  the  cable 


TemperaturefC) 

^0 

70 

20 

Specified  Attenuation 
Increase  @1310 
|_  (dB) 

^0.05 

<0.05 

<0.05 

Specified  Attenuation 
Increase  @1550 
(dB) 

SS0.05 

<=0.05 

<=0.05 

Observed  Attenuation 
Increase@1310nm 
(dB) 

-0.026  - 
0.013 

-0.007  ~ 
0.041 

-0.013  ~ 
0.022 

Observed  Attenuation 
Increase®  1 5 50nm 
(dB) 

-0.058  ~ 
0.019 

-0.048  - 
0.039 

-0.055  ~ 
0.014 

3.2.2  Temperature  Cycling  Test  of  the  Cable  with  Coils. 

When  cable  is  installed,  the  excess  cable  is  often  coiled  and  stored. 
In  order  to  simulate  the  installation  of  a  cable  with  these  coils,  we 
wound  a  length  of  cable  into  circles  with  a  diameter  of 
approximately  its  minimum  dynamic  bending  diameter,  and  then 
reperformed  the  temperature  cycling  testing.  The  test  results 
showed  that  the  attenuation  increase  did  not  exceed  the  allowable 
value,  and  no  optical  steps  were  observed  in  the  test.  Table  6 
shows  the  results. 


Table  6.  Temperature  cycling  test  of  the  cable  with 
slack  coils 


TemperaturefC) 

-40 

70 

20 

Specified  Attenuation 
Increase  @1310 
(dB) 

<0.05 

<0.05 

<^0.05 

Specified  Attenuation 
Increase  @1550 
(dB) 

<0.05 

<:0.05 

^0.05 

Observed  Attenuation 
Increase  @13  lOnm 
(dB) 

-0.038  ~ 
0.021 

-0.017  - 

0.039 

-0.011- 

0.025 

Observed  Attenuation 
Increase  @1550nm 
(dB) 

-0.027  — 
0.016 

-0.006  - 
0.023 

-0.033  - 
0.017 

4.  Conclusions 


Central  core  ribbon  cable  using  two  flat  steel  wires  as  strength 
members  has  the  same  outer  diameter  as  similar  cable  using  four 
round  steel  wires.  The  cable  outer  diameter  of  these  two  structures 
is  smaller  than  cable  with  two  round  steel  wires  as  strength 
members.  Meanwhile,  the  production  process  of  cable  with  two  flat 
steel  wires  is  simple,  it  requires  only  two  wire  pay-off  units, 
minimizing  the  risk  of  process  upset  while  being  manufactured. 
Trials  have  been  done  with  test  results  showing  the  two  flat  wires 
design  meets  or  exceeds  all  IEC794-1  requirements  while 
maintaining  a  cable  flexibility  similar  to  the  two  round  wires  design. 

5.  Acknowledgments 

Special  thanks  to  Ms.  Rong  Xia  for  the  purchase  of  flat  steel  wire, 
Mr.  Feng  Yuan  for  all  the  tests  made  on  the  new  structure  cable, 
and  also  thanks  all  the  kindly  cooperation  from  different 
departments. 

6.  References 

[1]  IEC794-1: 1996. 

[2]  Hu  Xianzhi,  and  Liu  Zeheng,  “Optical  Fiber  and  Fiber  Cables 
Engineering  Test,”  (June,  2001). 


International  Wire  &  Cable  Symposium 


389 


Proceedings  of  the  51st  IWCS 


Mr.  Yongtong  Guan,  received  his  B.E.  degree  in  Mechanical 
Engineering  in  Beijing  Institute  of  Machinery  Industry  in 
1995  and  then  joined  Chengdu  KV  Engine  Co.,  Ltd.  as  a 
process  engineer.  At  the  beginning  of  2000,  he  joined 
Siemens  Optical  Fiber  Cables  Co.,  Ltd.,  and  now  is  a  R&D 
engineer  in  Chengdu  CCS  Optical  Fiber  Cable  Co.,  Ltd. 


International  Wire  &  Cable  Symposium 


390 


Proceedings  of  the  51st  IWCS 


Development  of  FR-PVC  for  Compact  and  High  Performance  UTP  Cable 

Do  Hyun  Park,  Myeong  Jin  Ahn,  Gun  Joo  Lee 

Polymeric  materials  Technology  Group,  LG  Cable  Research  &  Development  Center, 

555,  Hogye-dong,  Dongan-gu,  Anyang-shi,  Kyungki-do,  Korea 

+82-31-450-8333  •  dhpark@cable.lg.co.kr 


Abstract 

In  this  work,  it  is  revealed  that  the  single  layer  insulated  CMR  25P 
cable  has  better  electrical  property  than  that  of  the  conventional 
double-layered  cable.  But  single  layer  insulation  structure  has  no 
flame  retardation.  To  make  this  newly  designed,  high  performance 
and  compact  cable,  it  is  highly  required  to  use  very  efficient  FR- 
PVC  sheath  material. 

Thus,  the  behavior  of  flame  retardancy  and  smoke  evolution  of  FR- 
PVC  filled  with  various  combinations  of  inorganic  fillers  is 
investigated  to  develop  new  cable  construction  for  CMR  25P. 
Through  the  analyses  on  thermal  stability  and  smoke  density,  it  has 
been  revealed  that  the  flame  retardation  and  smoke  suppression  of 
FR-PVC  could  be  effectively  enhanced  by  incorporation  of  zinc 
borate  and  molybdenum. 

Using  this  newly  developed  FR-PVC  sheath  material,  we  can  make 
newly  designed  CMR  25P  cable  that  has  only  one  insulation  layer. 
This  newly  designed  cable  has  superior  electrical  properties,  fire 
performance  and  has  more  compact  structure. 

Keywords 

Cable;  FR-PVC,  Electrical  property;  Flame-retardant;  Smoke 

1.  Introduction 

We  designed  new  cable  construction  for  CMR  25P,  which  is  a 
revision  of  dual  layered  insulation.  In  conventional  dual  layered 
insulation,  the  inner  insulation  layer  is  made  of  non-flame  retardant 
HDPE  and  the  outer  insulation  layer  is  composed  of  flame  retardant 
HDPE.  But,  the  newly  designed  cable  has  only  one  layer  of  non¬ 
flame  retardant  HDPE  insulation.  With  this  newly  designed  cable, 
we  can  enjoy  the  merits  such  as  advanced  transmission  property  and 
more  compact  cable  structure.  But  this  cable  design  strongly  needs 
to  have  very  efficient  flame  retardant  sheath  material  to  compensate 
the  role  of  flame  retardant  HDPE  insulation  layer.  To  achieve  the 
requirement  of  flame  retardant  property  of  UL  1666  riser  for  newly 
designed  cable,  we  have  to  develop  high  flame  retardant  PVC. 

It  is  well  known  that  the  results  of  flame  test  were  varied  according 
to  flame-retardant  materials,  cable  constructions  and  were  dependent 
closely  on  flame  retardancy  of  sheath.  Therefore,  flame  retarded  FR- 
PVCs  have  been  investigated  to  study  the  effects  of  inorganic  fillers 
and  plasticizers  on  the  improvement  of  flame  retardancy  and  the 
suppression  of  smoke  density.  Through  the  analyses  on  the  behavior 
of  combustion  and  smoke  evolution,  it  has  been  revealed  that  the 
flame  retardancy  of  PVC  could  be  effectively  enhanced  by 


incorporation  of  inorganic  fillers  and  plasticizers.  That  is,  there  exist 
some  synergistic  interactions  between  inorganic  fillers  and 
plasticizers  in  developing  the  hard  and  compact  charred  layer  that 
increases  the  resistance  to  flame  stress  and  reduces  the  combustion 
rate.  This  argument  was  verified  by  the  observation  of  fire 
performance  using  cone  calorimetry.  This  compactly  charred  layer 
provides  a  good  thermal  and  flame  barrier  and  prevents  non-flame 
retardant  insulation  from  combustion. 

Corrosiveness,  smoke  emission  and  the  toxicity  of  combustion 
products  have  been  important  issues  till  now.  Because  we  try  to 
develop  highly  flame  retardant  PVC  sheath  of  the  newly  designed 
compact  and  high  performance  UTP  cable,  the  aim  of  this  work  is  to 
study  the  behavior  of  flame  retardancy  and  smoke  evolution  of  FR- 
PVC  filled  with  various  combinations  of  inorganic  fillers.  The 
thermal  stability  and  fire  performances  are  quantitatively  analyzed 
by  oxygen  indexer  and  cone  calorimetry.  To  identify  the  flame 
retardant  mechanism  of  these  flame  retardant  systems,  the 
combustion  behavior  was  also  investigated. 

2.  Experimental 

2.1  Materials 

2.1.1  Insulation 

The  polymers  used  in  this  study  are  ethylene-vinyl  acetate 
copolymer  (EVA)  and  high-density  polyethylene  (HDPE). 
Aluminum  trihydrate  (Al(OH)3,  ATH)  and  bromine  are  used  as  the 
additives  to  increase  the  flame  retardation. 

2.1.2  Sheath 

PVC  is  modified  with  plasticizer  and  flame  retardant  fillers.  Used 
flame  retardant  plasticizers  are  such  as  brominated  and  phosphate 
plasticizer.  The  inorganic  flame  retardant  fillers  and  fillers  including 
ATH,  hydrated  magnesium  carbonate,  zinc  borate 
(2Zn0.3B203.3.5H20),  molybdenum  compound,  antimony  trioxide 
(Sb203)  and  calcium  carbonate  (CaC03)  are  used  to  increase  the 
flame  retardation  and  to  reduce  the  evolution  of  smoke  during  the 
combustion.  In  this  work,  the  FR-PVC  is  modified  in  three  types. 
The  mixtures  of  polymer  and  inorganic  fillers  were  processed  in  a 
double  roll  plasticator  at  130°C  for  10  minutes.  To  get  sheets  for 
flame,  mechanical  and  electrical  test,  the  mixtures  were  pressed  at 
170°C  for  5  minutes. 
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2.2  Electrical  and  mechanical  properties 

The  electrical  properties  were  measured  at  various  frequencies  using 
dielectric  constant  tester  (ANDO  electric  Co.).  A  dumbbell  type 
specimen  with  the  width  of  5.6  mm  and  the  gauge  length  of  20  mm 
were  prepared  and  tested  at  200  mm/min  by  using  Instron  6022  and 
the  number  of  specimens  is  at  least  5. 

2.3  Fire  test 

The  limited  oxygen  indices  from  burning  samples  were  measured 
as  the  oxygen  concentration  (%)  by  Oxygen  indexer  (FTT  Co.). 
Cone  calorimeter  (FTT  Co.)  was  used  to  obtain  heat  release  rate 
(HRR),  rate  of  smoke  release  (RSR)  and  total  smoke  release 
(TSR)  according  to  ASTM  1356-90  with  a  heat  flux  of  50  kW/m2. 
This  heat  flux  has  been  chosen  because  it  corresponds  to  the 
evolved  heat  during  a  fire.  The  shape  of  burned  samples  were 
observed  using  microscopy. 


insulation  layer.  In  this  research,  skinnly  extruded  FR-PE  is 
removed  to  improve  tmamission  property  and  to  realize  light  weight 
and  compact  size.  With  a  help  of  this  design,  thickness  of  insulation 
could  be  reduced  from  0.234  mm  to  0.217  mm.  In  addition,  line 
speed  is  rised  up  to  10  %  and  the  loss  constant  of  PE  is  decreased  up 
to  60%.  Electrical  properties  ,  dielectric  constant  and  tanS  of 
insulation  materials  which  are  insulated  around  conductor  in 
single  or  dual  layer  are  listed  in  Table  1 .  In  Table  1,  FR-PE#  1  and 
FR-PE#2  is  based  on  HDPE  and  EVA  respectively.  Table  2 
compares  the  electrical  properties  of  dual  layer  insulation  cable,  FR- 
PE#!  formed  second  layer  for  Cable  #1.  Cable  #3  and  #4  are 
constructed  with  single  insulated  cables  which  are  sheathed  with 
varous  flame  retardant  PVC  sheath.  Newly  developed  cable  is  a 
designated  as  UL  Category  5  cable. 


3.  Results  and  discussion 

3.1  Electrical  properties 


Conductor 
Insulation 

Sheath 

Figure  1.  The  schematic  of  CMR  25P 


(a) 


Table  1.  Electrical  properties  of  insulation  materials. 


- - - - 

Frequency 

1  KHz 

1  MHz 

FR-PE#  1 

Dielectric  Constant 

2.6 

2.57 

TanS 

0.0025 

0.0034 

FR-PE#2 

Dielectric  Constant 

4.4 

3.94 

TanS 

0.0161 

0.0881 

HDPE 

Dielectric  Constant 

- 

2.32 

TanS 

- 

0.00006 

Table  2.  Electrical  properties  of  cables. 


Cable  #1 

Cable  #3 

Cable  #4 

Insulation 

Dual  layer 

Single  layer 

Attenuation 
(dB  at  100  MHz) 

Max.  18.2 

Max.  17.5 

Max.  17.5 

SRL,  at  20MHz 

39.7 

38.4 

37.9 

SRL ,  at  100MHz 

28.03 

27.01 

26.57 

(b) 

Figure  2.  The  schematic  of  insulation: 

(a)  Dual  layer,  (b)  Single  layer 

Figure  1  shows  the  schematic  of  CMR  25P  cable  tested  with  newly 
developed  flame-retardant  (FR)  materials.  This  cable  is  rated  as  UL 
riser.  Figure  2  shows  the  schematic  of  the  structures  of  HDPE 
insulation.  Previous  cable,  which  is  shown  in  Figure  2(a),  was 
consisted  with  dual  layered  insulation  structure.  FR-PE  is  skinnly 
extruded  outside  of  the  main  HDPE  insulation  layer.  But  as  shown 
in  Figure  2(b),  the  newly  developed  cable  has  a  only  single 


As  shown  in  Table  2,  Cable  #3  and  #4  have  lower  value  of 
attenuation  at  100  MHz  than  that  of  Cable  #1  due  to  the  better 
electrical  properties  of  insulation  material,  HDPE,  which  is 
insulated  upon  the  conductor  in  single  layer.  Cable  #1  having  the 
dual  insulation  layer  has  higher  value  of  attenuation.  The 
improvement  in  transmission  characteristics  for  newly  developed 
cable  was  about  4%  better  than  transmission  for  the  conventional 
cable.  This  result  is  caused  by  higher  dielectric  constant  and  tan8 
of  FR-PE  #1  which  is  used  as  a  second  layer  over  the  first 
insulation  layer.  Lower  electrical  properties  of  FR-PE  #1  result 
from  the  fact  that  it  is  flame  retardnat  polyethylene,  which  is 
modified  with  various  flame  retardants  such  as  bromine  and  other 
halogen  materials  to  improve  flame  retardancy.  Comparing  with 
the  FR-PE’s,  the  HDPE  shows  better  electrical  properties  because 
it  does  not  have  any  particular  ingredients.  In  addition,  the 
structural  return  loss  (SRL)  of  cable  #3  and  #4  is  similar  to  that  of 
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cable  #1.  Generally,  insulation  roughness  or  irregularities, 
excessive  eccentricity  as  well  as  variations  in  insulation  diameter 
may  increase  SRL.  With  dual  insulated  conductors,  the  problem 
of  achieving  uniformity  of  insulation  can  be  very  serious  because 
of  the  difficulty  of  forming  a  first  layer  that  is  substantially 
uniform  and  then  forming  a  uniform  second  insulation  layer.  It  is 
known  as  if  the  first  layer  is  soft  or  compressible,  the  second  layer 
can  distort  it,  thereby  increasing  SRL  to  an  undesirable  level.  If, 
in  turn,  second  layer  is  compressible,  it  can  be  distorted  by  the 
helical  member  used  to  bundle  the  cable  pairs,  or  during  the 
twisting  process.  For  this  reason,  though  it  has  simpler  structure, 
the  cable  with  one-layer  insulation  shows  better  transmission 
characteristics  than  the  cable  that  has  two-layer  insulation. 


3.2  Fire  performance 
3.2.1. Sheath 

In  order  that  the  developed  cable,  as  depicted  in  Fig.  1,  be  suitable 
for  use  as  a  riser  cable,  it  is  necessary  that  the  outer  sheath  be 
highly  flame  retardant.  Mechanical  and  flame  retardancy  properties 
of  FR-PE’s  modified  with  various  flame  retardants  are  listed  in 
Table  3.  Three  kinds  of  FR-PVC’s  have  similar  mechanical 
properties  such  as  tensile  strength  and  elongation.  Insulation 
materials  such  as  polyolefins,  unless  specifically  modified  for  flame 
retardation,  are  highly  flammable  materials.  For  this  reason,  to 
enhance  flame  resistance,  the  core  that  is  formed  by  the  several 
conductors  need  to  be  surrounded  by  a  sheath  of  highly  flame 
retardant  polyvinyl  chloride  (FR-PVC)  material.  FR-PVC#1 
comprises  forty-one  percent  (41%)  PVC  resin;  twenty-eight  percent 
(28%)  plasticizers  including  general  phthalate,  brominated 
phthalate;  twenty-five  percent  (25%)  flame  retardants  including 
alumina  trihydrate  and  antimony  trioxide;  and  six  percent  (6%) 
other  additives  including  five  percent  (5%)  stabilizers  and  one 
percent  (1%)  lubricants.  FR-PVC#2  is  modified  with  various 
halogen  scavengers,  such  as  zinc  borate,  and  metal  hydrate  and 
calcium  carbonate,  which  form  rigid  char  when  heated  by  fire,  to 
increase  the  LOI.  Its  LOI  is  40%. .  FR-PVC#3  comprises  forty-two 
percent  (42%)  PVC  resin;  twenty-three  percent  (23%)  plasticizers 
including  phosphate  phthalate  and  brominated  phthalate;  twenty- 
four  percent  (24%)  flame  retardants  including  alumina  trihydrate, 
hydrated  magnesium  carbonate  and  antimony  trioxide;  eleven 
percent  (11%)  smoke  suppressant  including  zinc  borate  and 
molybdenum;  and  other  additives  including  stabilizers  and 
lubricants.  The  LOI  of  FR-PVC#3  is  similar  to  that  of  FR-PVC#2. 
A  blend  of  flame  retardant  plasticizers,  however,  shows  poor  cold 
impact  property,  but  the  cable  surrounded  by  this  sheath  material, 
FR-PVC#3,  meets  the  cold  bend  test  at  -20  °C . 


Table  3  Mechanical  and  flame  retardancy  properties 
of  PVC  modified  with  various  flame  retardants. 


FR- 

FR- 

FR- 

PVC#1 

PVC#2 

PVC#3 

Tensile  Strength 

2.0 

2.0 

2.1 

(kgf/mm2) 

±0.1 

±0.08 

±0.09 

Elongation  (%) 

300±8 

260±9 

270±8 

Limited  Oxygen  Index  (%) 

35 

40 

40 

Cold  Impact  (°C) 

-15 

-10 

-8 

The  residues  of  conventional  FR-PVC#1  and  newly  developed  FR- 
PVC#2  and  #3  after  burning  are  shown  in  Figure  3.  For  only  ATH- 
filled  polymer  blends  like  FR-PVC#1,  endothermic  dehydration  of 
ATH  cools  the  plastic  part  and  the  water  vapor  dilutes  evolved 
combustible  gases.  But  as  FR-PVC#2,  the  surface  of  blend  modified 
with  ATH  and  halogen  scavengers,  such  as  zinc  borate,  and  calcium 
carbonate  and  particular  metal  hydrate,  is  covered  with  more 
compact  charred  layer.  The  various  halogen-metal  complexes  form  a 
surface  shield  layer  on  the  surface  of  combusting  plastic  material 
preventing  the  further  access  of  flame  to  fresh  polymer.  In  case  of 
FR-PVC#3,  molybdenum  acts  as  a  combustion  catalyst  to  increase 
hard  charred  layer,  which  is  a  good  thermal  barrier.  That  is,  the 
interactions  between  antimony  trioxide  and  molybdenum  reinforce 
the  protective  shield  under  flame  and  thus  the  evolution  of  smoke  is 
effectively  suppressed.  In  addition,  the  effect  of  flame  retardation  is 
also  increased. 


(a)  (b)  (c) 

Figure  3.  Micrographs  of  the  surfaces  of  polymer 
blends  modified  with  various  flame  retardant 
(after  combustion): 

(a)  FR-PVC#1 ,  (b)  FR-PVC#2,  (c)  FR-PVC#3 


3.2.2.lnsulation 

Figure  4  shows  the  difference  in  mechanical  and  flame  retardation 
properties  of  FR-PE’s  modified  with  various  flame  retardants. 
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FR-  PE  #1  FR-  PE  #2 


Figure  4.  Mechanical  and  flame  retardation 
properties  of  FR-PE  modified  with  various  flame 

retardants.  ■  -Limited  Oxygen  Index  (%),  ■  -Tensile 
Strength  (kgf/mm2),  ■  -Elongation  (%) 

These  FR-PE’s  are  used  as  the  second  insulation  layer  over  the  first 
one.  Halogen  free  flame  retardant  insulation  material,  FR-PE#2,  is 
composed  of  polar  polymer  and  halogen  free  flame  retardants  such 
as  metal  hydroxides.  The  base  polymer  of  FR-PE#2  is  ethylene  vinyl 
acetate  (EVA).  LOI  of  FR-PE#2  is  42%,  If  FR-PE#2  is  applied  to 
the  second  insulation  layer,  good  flame  retardancy  results,  but  there 
is  much  excess  loss,  which  is  shown  in  Table  1,  at  the  highest 
frequency  due  to  the  high  dielectric  constants  of  metal  hydroxides 
and  polar  polymer  [1],  This  cable  meets  the  UL  riser  test.  FR-PE#2 
lacks  certain  mechanical  properties  such  as  elongation  or  flexibility 
because  of  the  high  filled  inorganic  fillers.  To  solve  these  problems, 
new  type  of  flame  retardant  compound  for  the  insulation  was 
developed.  In  our  study,  a  polymer  alloy  insulation  material,  FR- 
PE#!,  that  consists  of  a  low  dielectric  constant  polymer  as  shown  in 
Table  1  and  a  flame  retardant  polymer  is  developed.  FR-PE#  1  is 
flame  retardant  insulation  material  that  is  composed  of  HDPE  and 
halogen  flame  retardant  such  as  bromine.  Its  Limited  Oxygen  Index 
(LOI)  is  25.5%.  High-density  polyethylene  is  selected  as  the  low 
dielectric  constant  ingredient.  For  the  flame  retardant  ingredients,  a 
bromine  was  selected  because  of  its  non-flammability,  which 
prevents  combustion  of  polyethylene. 

3.2.3.  Cone  calorimeter  by  oxygen  consumption 

Figure  5  shows  the  curves  of  heat  release  rate  (HRR)  that  is 
calculated  from  the  amount  of  oxygen  consumed  during  the 
combustion.  Comparing  with  FR-PVC#1,  as  shown  in  Figure  5,  by 
the  addition  of  inorganic  fillers  such  as  zinc  borate,  calcium 
carbonate  and  particular  metal  hydrate,  the  maximum  HRR  peak  of 
FR-PVC#2  is  reduced  to  about  40  kW/m^  and  the  second  peak  is 
also  observed  at  low  value.  In  case  of  FR-PVC#1  and  #2,  the 
curves  proceed  through  three  steps:  at  first  stage,  after  ignition,  the 
degradation  of  polymeric  materials  initiates  and  the  values  of  HRR 
increases  rapidly.  However,  at  second  step,  the  HRR  is  suppressed 
by  the  endothermic  reaction  of  ATH  and  decreases  by  the  formation 
of  an  expanded  protective  shield,  which  is  induced  by  inorganic 
fillers  those  give  the  synergistic  effect  on  the  flame  retardancy  by 


reacting  with  halogen  as  halogen  scavenger.  Finally,  the  HRR 
increases  again  which  indicates  the  degradation  of  heat-protective 
shield  formed  on  the  surface.  Thus,  after  second  peak  the  heat  is 
continuously  released.  In  Figure  5,  FR-PVC#3  exhibits  better 
combustion  behavior  in  the  first  stage  of  combustion  than  that  of 
FR-PVC#2.  These  behaviors  are  quite  different  from  the  results  of 
oxygen  index.  The  oxygen  indices  of  FR-PVC#2  and  FR-PVC#3 
are  40%  and  40%  respectively.  The  reason  for  this  difference  in 
HRR  curve  and  LOI  is  that  flame  retardant  system  like  phosphate 
ester  and  molybdenum  filled  in  FR-PVC#3  forms  very  strong  char 
during  combustion.  According  to  this  phenomenon,  the  first  peak  is 
more  delayed.  Moreover,  during  combustion,  the  carbonized  layer 
of  that  is  not  cracked.  This  also  retards  significantly  further 
advancement  of  the  combustion  process.  The  latter  is  the  main 
mechanism  of  smoke  suppression.  These  results  are  shown  in 
Figure  6. 


Time  fsec^ 


Figure  5.  The  curves  of  HRR  with  time 
(heat  flux  of  50  kW/m2): 
♦:FR-PVC#1,  ■:FR-PVC#2,  •:FR-PVC#3 


Figure  6.  The  curves  of  RSR  with  time  (heat  flux  of 
50  kW/m2): 

♦  FR-PVC#1,  ■  FR-PVC#2,  •  FR-PVC#3 
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Table  4  Test  results  of  UL 1666  Riser  test 


Structure  of  Insulation 

Dual  layer 

Single  layer 

Cable  #1 

Cable  #2 

Cable  #3 

Cable  #4 

Maximum  Damage  Height  (m) 

1.5 

3.66 1 

1.5 

0.9 

Maximum  Temperature  (°C) 

247 

454  t 

195 

190 

Cable  Outer  Diameter  (mm) 

29.4 

28.4 

28.4 

28.4 

Number  of  Length  (EA) 

20 

21 

21 

21 

Applied  material 

PVC#1 

PVC#1 

PVC#2 

PVC#3 

In  the  case  of  FR-PVC#1,  the  smoke  is  dominantly  suppressed  by 
the  endothermic  dehydration  of  ATH  that  release  water  vapor, 
cools  the  plastic  part  and  dilutes  evolved  combustible  gases. 
Comparing  with  total  smoke  release  (TSR)  of  FR-PVCs;  FR- 
PV1#  has  2050;  FR-PVC#2  has  1530;  FR-PVC#3  has  899,  the 
interaction  of  the  smoke  suppressant  such  as  zinc  borate  and  ATH 
causes  a  considerable  delay  in  reaching  to  maximum  smoke 
evolution  and  significantly  lowers  the  overall  level  of  produced 
smoke.  Therefore,  it  can  be  concluded  that,  when  exposed  to  heat 
and  flame,  the  interactions  of  molybdenum  with  zinc  borate  and 
ATH  exhibit  a  synergistic  effect  on  the  depression  of  smoke 
evolution  as  well  as  the  increase  of  flame  retardancy  [2].  In  case 
of  FR-PVC#3,  the  substitution  of  flame  plasticizer  like  phosphate 
phthalate  reduces  smoke  formation  because  it  is  acting  mainly  as 
the  solid  and  liquid  phase.  Phosphorous  compound  is 
decomposed  by  heat  and  forms  non-volatile  phosphorous  acid. 
Then,  this  acts  as  a  coagulation  agent  of  residues  of  carbon.  As  a 
result  of  this  effect,  soot  particles  and  CO  are  reduced  and  the 
amount  of  initial  smoke  evolution  is  very  low.  This  behavior  is 
consistent  with  the  shape  of  residue  after  combustion  and  smoke 
density  and  HRR.  It  can  be  concluded  that  both  phosphorous  ester 
and  molybdenum  exert  the  synergistic  effect  on  the  flame- 
retardant  and  smoke  suppression. 

3.2.3  Combustion  properties 

The  riser  test  results  of  CMR  25P  cables  jacketed  with  various 
FR-PVC’s  and  insulated  with  various  insulation  materials  are 
shown  in  Table  3.  The  UL  1666  riser  vertical  shaft  flame  test  is 
measured  at  two  points;  maximum  temperature  of  454  °C ;  damage 
height  of  cable.  Maximum  damage  height  of  Cable  #1  having 
dual  insulation  layer  and  Cable  #3  having  non-flame  single 
insulation  layer  in  a  UL  1666  riser  is  1.5m  and  1.5m  respectively, 
and  it  is  found  that  these  cable  have  same  flame  retardancy. 
Generally,  it  can  be  regarded  as  the  cable,  which  is  surrounded 
with  higher  LOI  jacket  material,  shows  better  result  of  flame 
retardation.  In  a  real  flame  test,  this  result  comes  from  developed 
FR-PVC  forms  a  rigid  char  during  combustion  and  prevents  the 
heat  and  oxygen.  This  results  in  the  improvement  of  flame 
retardancy  of  cable.  If  the  sheathing  material  has  low  flame 
retardant  or  less  solidification  of  carbonized  layer  such  as  Cable 
#2,  it  promotes  the  combustion  of  flammable  insulation  material 
of  the  cable.  This  makes  the  cable  shows  melt  drip  phenomena 
and  bum  it  out.  Cables  jacketed  with  FR-PVC’s  having  high  LOI 


up  to  40%  passed  UL  1666  riser  test,  but  the  test  results  are  quite 
different  because  of  the  different  combustion  behavior.  At  initial 
stage,  the  combustion  behavior  is  similar  for  cable#3  and  cable#4. 
However,  in  case  of  cable#3,  the  combustion  of  cable 
continuously  proceeded  because  the  inside  insulation  material  of 
cable  bums  after  the  jacket  material  has  been  burned.  From  the 
test  results  for  cables  constructed  with  various  FR-PVC’s  and 
insulation  materials,  it  can  be  concluded  that  combustion 
characteristics  of  cable  depend  on  the  structure  of  cable.  Also,  it 
can  be  found  that  the  flame  retardancy  of  cable  depends  on  the 
combustion  behavior  and  formation  material  during  the 
combustion  of  both  sheath  and  insulation  material. 

4.  Conclusions 

In  this  work,  the  behavior  of  flame  retardancy  and  smoke  evolution 
of  FR-PVC  filled  with  various  combinations  of  inorganic  fillers  is 
investigated  to  develop  new  cable  construction  for  CMR  25P. 
Through  the  analyses  on  thermal  stability  and  smoke  density,  it  has 
been  revealed  that  the  flame  retardation  and  smoke  suppression  of 
FR-PVC  could  be  effectively  enhanced  by  incorporation  of  zinc 
borate  and  molybdenum.  There  exist  synergistic  interactions 
between  zinc  borate  and  molybdenum  in  developing  the  hard  and 
compact  charred  layer  that  increases  the  resistance  to  flame  stress 
and  reduces  the  combustion  rate. 

In  addition,  it  can  also  be  concluded  that  the  electrical  properties  of 
two-layered  insulation  cable  can  be  greatly  enhanced  if  it  is  replaced 
by  single  layer  insulation.  With  the  use  of  single  layer  insulation  and 
highly  effective  FR-PVC  sheath  material,  the  newly  designed  CMR 
25P  cable  has  high  electrical  property,  flame-resistance  and 
compactness. 
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Abstract 

Shield  structure  effect  and  mechanical  stress  effect  on  shield 
performance  for  FTP  cables  and  SFTP  cables  have  been  studied  in 
this  paper.  Shield  performance  can  be  qualified  by  measuring  shield 
transfer  impedance.  Although  shield  performance  for  ScTP  cables 
is  much  dependent  on  cable  manufacturers  with  different  cable 
shield  structure  design*  several  conclusions  can  be  drawn  from  this 
study.  Based  upon  shield  structure  study,  to  solve  electromagnetic 
interference  problem,  SFTP  cable  is  recommended  especially  at 
high  frequency.  For  FTP  cable,  helical  Al/plastic  laminate  tape  and 
stranded  drain  wire  should  not  be  used  as  shield  construction. 
Under  mechanical  stress  study,  including  ellipse  test  and  figure 
eight  test,  figure  eight  test  does  some  severe  damage  to  A1  foil  for 
FTP  cable;  however,  SFTP  cable  is  available  to  suffering  both 
mechanical  stress  tests  up  to  100  MHz. 

Keywords 

Ellipse  test,  EMI,  Figure  eight  test,  FTP  cable,  Mechanical  stress 
effect,  ScTP  cable,  SFTP  cable,  Shield  structure  effect,  Transfer 
impedance,  UTP  cable 

1.  Introduction 

High  bandwidth  applications  usually  require  the  need  to  provide 
excellent  electromagnetic  interference  (EMI)  protection  [1-3].  EMI 
is  presented  everywhere,  such  as  caused  by  power  line,  air 
conditioning  system,  mobile  phone,  and  electric  motor;  the 
electromagnetic  compatibility  (EMC)  behavior  of  cabling  system 
therefore  becomes  important. 

For  a  whole  cabling  system,  cables  are  widely  spread  over  the  entire 
building  and  therefore  are  the  most  vulnerable  and  least  controllable 
part  [3].  The  most  effective  cabling  system  against  EMI  is 
especially  constructed  from  cables  that  utilize  twisting,  screening 
and  grounding  for  additional  crosstalk  performance  and  effective 
EMI  protection. 

Balanced  twisted  pair  cables,  including  unshielded  twisted  pair 
(UTP)  cable  and  screened  twisted  pair  (ScTP)  cable,  are  popularly 
used  for  high  bandwidth  applications.  UTP  cable  does  not  rely  on 
physical  shielding  to  block  interference,  but  works  on  balancing 
technique  [4].  Twisting  is  capable  of  canceling  parts  of  EMI 
effective  only  up  to  30  MHz  [1,3].  Foil  screen  is  ideally  good 
efficiency  against  EMI  over  the  frequency  range  up  to  100  MHz  or 
higher  [1,3]. 


Basically,  the  shielding  effectiveness  depends  on  the  material  of  the 
shield,  its  thickness,  the  type  of  EMI  noise  field,  its  frequency,  the 
distance  from  the  noise  source  to  the  shield,  any  shield  discontinuity, 
and  the  grounding  structure  used  [4].  However,  the  installation  for  a 
ScTP  cable  is  more  dedicate  than  that  for  a  UTP  cable.  Full 
protection  with  the  shield  can  only  be  achieved  by  well  properly 
grounding  the  shields  and  shielding  continuity  [1,4].  If  installed 
and/or  terminated  improperly,  any  shield  will  act  as  an  antenna, 
radiating  and  receiving  noise  [2-4]. 

Shield  performance  has  been  quantified  by  measuring  shield  transfer 
impedance  (TI)  using  the  triaxial  measurement  technique  [2,5]. 
Although  the  famous  triaxial  measurement  technique  was  applicable 
to  coaxial  cable  only,  it  has  been  used  to  characterize  the  shield 
performance  of  balanced  twisted  pair  cable.  The  disadvantages  of 
this  technique  are  only  on  a  very  short  length,  1  meter,  and  not 
applicable  to  unshielded  cables  [6]. 

Shield  TI  of  a  per  unit  length  of  cable  (ZT,  in  ohms/m  or  mohms/m) 
is  determined  by  the  ratio  of  the  longitudinal  voltage  on  the 
conductors  enclosed  by  a  shield  to  the  surface  currents  on  the 
outside  of  the  shield  as  shown  in  Equation  (1). 

ZT=  V/(I  L)  (1) 

Where  V  is  the  potential  difference  built  up  between  the  conductors 
and  the  shield,  I  is  the  current  induced  by  the  external  field  on  the 
shield,  and  L  is  the  cable  length.  Lower  TI  values  correlate  to 
higher  shield  performance. 

The  correlation  between  TI  performance  and  cable  shield  structures 
effect  on  the  shield  performance  of  ScTP  cable  will  be  discussed  in 
this  paper.  Furthermore,  the  effect  on  mechanical  stress  test  for 
ScTP  cable  will  be  also  discussed  in  this  paper  in  detail.  The  results 
could  be  helpful  to  the  cabling  designer  to  select  the  kind  of  ScTP 
cable  and  the  cabling  constructor  to  install  the  ScTP  cabling  system 
properly. 

2.  ScTP  cable  construction 

Typically,  ScTP  cable  includes  an  overall  shield  which  may  consist 
of  a  helical  or  longitudinal  metal/plastic  laminated  tape,  and/or 
braided  non-insulated  Sn-clad  Cu  conductors  [7].  On  the  other  hand, 
drain  wire  possibly  included  is  in  contact  with  the  metal  side  of  the 
tape.  Different  cable  manufacturers  supplied  ScTP  cables  having 
different  shield  constructions. 
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In  this  study,  several  ScTP  cables  having  different  shield 
components  were  supplied  from  four  cable  manufacturers 
(identified  as  A,  B,  C,  and  D),  providing  7  samples  with  different 
shield  structures. 

Four  ScTP  cables,  named  FTP  cable,  employ  A1  foil  and  drain 
wire,  identified  as  A-l,  B-l,  C-l,  and  D.  In  detail  for  A-l,  B-l 
and  C-l,  a  plastic  coverage  tape  is  used  to  isolate  the  foil  tape 
from  the  four  pairs.  An  overall  Al/plastic  laminate  tape  is  applied 
longitudinally  over  the  twisted  pairs.  A  Sn-clad  Cu  wire  behaved 
as  a  drain  wire  is  located  between  coverage  tape  and  foil  tape  and 
is  in  contact  with  the  aluminum  side  of  the  Al/plastic  laminate 
tape. 

Compared  with  A-l,  B-l  and  C-l,  D  has  several  different  shield 
attributes.  Firstly,  the  Al/plastic  laminate  tape  is  applied  helically 
over  the  twisted  pairs.  Secondly,  the  drain  wire  is  located 
between  foil  tape  and  cable  jacket,  which  means  that  aluminum 
side  for  Al/plastic  laminate  tape  has  the  face  to  cable  jacket. 
Further  cable  components  description  for  four  FTP  samples  is 
listed  in  Table  1 . 


Table  1.  Cable  components  description  for  four  FTP 
cables  (unit:  mm) 


Sample 

A- 1 

B-l 

C-l 

D 

Conductor  diameter 

0.50 

0.52 

0.51 

0.51 

Coverage  tape 
thickness 

0.02 

0.02 

0.02 

0.10 

Drain  wire  type 

Stranded 

Solid 

Solid 

Solid 

Drain  wire  diameter 

0.45 

0.45 

0.48 

0.50 

Foil  thickness 
(AI  foil  only) 

0.055 

(--) 

0.065 

(0.047) 

0.070 

(0.052) 

0.025 

(-) 

Foil  width 

18 

21 

18 

20 

Cable  jacket 
thickness 

0.6 

0.6 

0.5 

0.43 

Cable  diameter 

5.7 

6.0 

6.0 

5.7 

The  other  three  ScTP  cables,  named  SFTP  cable,  use  AI  foil  and 
Cu  braid  as  shield  components,  identified  as  A-2,  B-2,  and  C-2. 
A  plastic  coverage  tape  is  also  presented  to  isolate  the  foil  tape 
from  the  four  pairs  first.  Subsequently,  an  overall  Al/plastic 
laminate  tape  is  applied  longitudinally  over  the  twisted  pairs  and 
then  Sn-clad  Cu  braid  is  used  to  wrap  it  up.  However,  a 
significant  difference  from  A-l,  B-l  and  C-l  is  that  the  aluminum 
side  for  Al/plastic  laminate  tape  is  opposite  to  Sn-clad  Cu  braid. 
Furthermore,  except  for  B-2,  the  others  provide  no  drain  wire. 
The  drain  wire  for  B-2  is  located  between  aluminum  side  for  foil 
tape  and  Cu  braid.  Further  cable  components  description  for  three 
SFTP  cables  is  listed  in  Table  2. 

In  Table  1  and  2,  for  the  term  of  foil  thickness,  (— )  made  as  a  sign 
means  that  it  is  not  able  to  separate  Al  foil  from  the  Al/plastic 
laminate  tape  and  not  able  to  measure  the  thickness  for  Al  foil 
only. 


Table  2.  Cable  components  description  for  three  SFTP 
cables  (unit:  mm) 


Sample 

A-2 

B-2 

C-2 

Conductor  diameter 

0.50 

0.50 

0.52 

Coverage  tape  thickness 

0.02 

0.02 

0.02 

Drain  wire  type 

- 

Solid 

Drain  wire  diameter 

- 

0.5 

Foil  thickness 
(Al  foil  only) 

0.055 

(-) 

0.045 

(-) 

0.050 

(0.030) 

Foil  width 

18 

18 

24 

Braid 

Diameter  per  strand 

0.10 

0.11 

0.12 

#  of  strands  per  carrier 

5 

6 

6 

#  of  carriers 

16 

16 

16 

Cable  jacket  thickness 

0.4 

0.6 

0.5 

Cable  diameter 

5.2 

6.0 

6.0 

3.  Experimental  section 

There  are  seven  ScTP  cables  used  to  study  cable  shield 
performance.  All  cables  are  Cat  5  and  with  different  shield 
structures  as  described  in  Sec.  2  (identified  as  A-l,  A-2,  B-l,  B-2, 
C-l,  C-2  and  D).  Although  effective  test  length  is  1  meter,  the 
cable  has  to  be  cut  into  1.13  meter  in  length  to  prepare  the  cable 
sample  for  TI  measurement.  For  each  cable,  three  samples  were 
prepared  for  three  test  cables. 

To  prepare  the  cable  sample  and  to  install  the  cable  under  test  into 
TI  apparatus  are  very  complicated  and  require  professional 
craftsmanship.  During  the  cable  sample  preparation,  any  damage 
for  the  sample,  especially  for  shield  discontinuity,  will  have  a 
change  for  the  worse  in  TI  data. 

All  eight  conductors  for  the  balanced  twisted  pair  cable  should  be 
shorted  together  to  form  a  core  and  excited  with  a  50  ohm  source, 
several  resistors  are  therefore  used  to  connect  the  cable  under  test 
and  the  TI  fixture.  The  main  purpose  of  connecting  the  resistors  is 
to  match  the  inner  and  outer  impedances  to  the  network  analyzer 
subsystem.  For  cables  A-2  and  C-2  having  no  drain  wire,  three 
carriers  from  braid  were  wound  together  to  form  a  pigtail  and 
treated  as  a  drain  wire. 

The  shield  performance  measurement  was  performed  by  DCM 
CMS-2XLD  TI  measuring  system,  which  is  applicable  for 
frequencies  up  to  100  MHz.  The  data  for  TI  measurements  would 
include  twelve  frequency  points,  1,  10,  16,  20,  25,  31.25,  40,  50, 
62.5,  70,  85  and  100  MHz.  For  a  more  accurate  measurement, 
calibration  is  required  before  the  measurements  every  day.  All 
cable  samples  were  measured  for  three  times  to  ensure  the  accuracy 
of  measurements. 

For  mechanical  stress  test,  the  sample  was  made  to  form  an  ellipse 
and  then  to  form  a  figure  eight.  The  detailed  processes  for  each 
cable  sample  are  described  as  follows: 

(1)  To  install  the  cable  sample  into  TI  apparatus  and  to  measure 
the  initial  TI  data  for  three  times. 
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(2)  For  the  cable  sample  after  measured  initial  TI  data,  to  loop  the 
sample  into  a  15  cm  diameter  loop,  and  then  compress  the  coil 
into  a  6.3  cm  wide  non-conductive  trough  to  form  an  ellipse  for 
2  days. 

(3)  After  two  days,  to  restore  the  original  condition  (uncoiled),  and 
then  install  the  cable  sample  into  TI  apparatus  and  test  the 
ellipse  TI  data  (ellipse  test)  for  three  times. 

(4)  To  loop  the  cable  sample  again,  compress  the  coil  to  form  an 
ellipse,  and  then  rotate  one  end  on  the  coiled  ellipse  by  180°  to 
form  a  figure  eight  in  the  non-conductive  trough  for  2  days. 

(5)  After  two  days,  to  restore  the  original  condition,  and  then 
install  the  cable  sample  into  transfer  impedance  apparatus  and 
test  the  figure  eight  TI  data  (figure  eight  test)  for  three  times. 

Therefore,  the  TI  data  for  the  cable,  including  initial,  after  ellipse 
test  and  after  figure  eight  test,  will  be  measured  in  this  study. 

4.  Results  and  Discussion 

4.1  Shield  Structure  Effect 

Initial  TI  data  are  illustrated  graphically  in  Figures  1  -  4,  which 
show  the  data  that  for  the  cable  samples  obtained  by  1 2  frequencies 
as  mentioned  in  Sec.  3.  Figure  1  shows  initial  TI  data  for  A-l  and 
A-2,  Figure  2  is  for  B-l  and  B-2,  Figure  3  is  for  C-l  and  C-2,  and 
Figure  4  is  for  D. 


0  20  40  60  80  100  120 

Frequency  (MHz) 

Figure  1.  Initial  transfer  impedance  data  for  cable  A-1 
and  A-2,  and  specification  data 

In  Figure  1  and  4,  the  curves  without  symbol  represented  the 
specification  data  [7].  On  the  other  hand,  The  TI  values  for  A-l,  A- 
2,  C-l  and  D  are  the  average  values  for  three  cable  samples, 
whereas  for  the  other  cables,  B-l,  B-2  and  C-2,  the  initial  TI  values 
are  the  average  values  only  for  two  cable  samples  due  to  the 
appearance  of  strange  data.  Furthermore,  it  needs  to  be  noted  that 
there  are  completely  different  scales  for  TI  data  in  these  four  figures. 


Several  features  are  shown  in  these  figures  for  initial  TI  data.  First 
of  all,  no  matter  what  the  manufacturer  is,  comparing  to  FTP  cable, 
SFTP  cable  from  the  same  manufacturer  always  has  better  shield 
performance.  Secondly,  as  well  known,  the  TI  data  normally 
increase  with  the  testing  frequencies  as  observed  in  Figure  1,  2  and 
4,  whereas  B-l  and  B-2  reveal  different  characteristics.  Thirdly,  the 
data  of  A-l  and  D  did  not  meet  the  TI  requirements  based  upon 
TIA/EIA  specification  [7].  Finally,  significant  differences  between 
the  data  for  D  and  the  specification  data  are  shown  in  Figure  4. 


Figure  2.  Initial  transfer  impedance  data  for  cable  B-1 
and  B-2 


Frequency  (MHz) 

Figure  3.  Initial  transfer  impedance  data  for  cable  C-1 
and  C-2 


C-l  and  C-2  are  chosen  as  an  example  to  discuss  the  difference  in 
shield  performance  between  FTP  cable  and  SFTP  cable.  Shield 
components  for  C-l  include  a  longitudinal  Al/plastic  laminated  tape 
and  drain  wire,  whereas  C-2  has  a  longitudinal  Al/plastic  laminated 
tape  and  Sn-clad  Cu  braid  as  shield  components.  As  shown  in 
Figure  3,  the  TI  data  for  C-l  and  C-2  are  101  mohm/m  and  16 
mohm/m  at  10  MHz,  respectively,  whereas  they  are  1076  mohm/m 
and  93  mohm/m  at  100  MHz,  respectively.  The  data  showed  that 
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the  difference  in  shield  performance  between  C-I  and  C-2  increases 
significantly  at  high  frequency.  The  conclusion  is  that  the  existence 
of  Cu  braid  can  provide  better  shield  performance  in  the  entire 
frequency  range,  especially  at  high  frequency. 


Frequency  (MM/) 

Figure  4.  Initial  transfer  impedance  data  for  cable  D, 
and  specification  data 


In  Figure  2,  for  B-J  and  B-2  supplied  from  the  same  manufacturer, 
the  TI  values  at  low  frequency  side  (1  MHz)  are  somewhat  high, 
comparing  with  the  data  at  higher  frequencies  (100  MHz),  which  are 
significantly  different  from  the  other  cables.  However,  based  upon 
their  shielding  structure,  it  is  still  not  easy  to  explain  this  behavior, 
which  is  not  similar  to  the  behavior  of  the  cables  supplied  from  A 
and  C. 

High  TI  data  for  A-l  are  possibly  explained  that  it  has  the  drain  wire 
with  stranded  type,  which  is  different  from  the  other  FTP  cables.  As 
well  known,  solid  wire  and  stranded  wire  provide  different 
electronic  characteristics. 

Extremely  high  data  for  D,  up  to  13600  mohm/m  at  100  MHz,  are 
caused  by  special  foil  tape  structure  without  doubt.  Except  for  D 
with  a  helical  tape  structure,  this  tape  is  veiy  thin,  comparing  to  one 
for  the  other  FTP  cables.  The  result  suggests  that  longitudinal  tape 
can  provide  better  shield  performance.  A  helical  and  thin  Al/plastic 
laminated  tape  is  not  recommended  to  be  used  as  a  cable  screen.  On 
the  other  hand,  the  drain  wire  is  located  between  foil  tape  and  cable 
jacket,  which  is  different  location  from  the  other  three  FTP  cables. 
Although  they  have  different  design  attributed  to  individual  concept, 
the  drain  wire  is  still  in  contact  with  the  aluminum  side.  Further 
study  is  necessary. 

4.2  Mechanical  Stress  Effect 

A  plot  of  TI  change  (mohm/m)  vs  log  (testing  frequency)  is  used 
to  discuss  mechanical  stress  effect  on  cable  screen.  The  TI 
changes  for  seven  cables  are  illustrated  graphically  in  Figures  5  ~ 
11.  Again,  there  are  different  scales  for  TI  change  in  these  seven 
figures. 

Figure  5,  6,  7  and  8  show  the  shield  performance  after  mechanical 
stress  test  for  four  FTP  cables,  A-l,  B-l,  C-l  and  D,  respectively. 


For  each  figure,  the  curve  identified  by  “Ellipse-Initial”  is  initial 
data  subtracted  from  the  data  for  the  cable  after  ellipse  test.  On 
the  other  hand,  one  identified  by  “Figure  eight-initial”  is  to  take 
initial  data  away  from  the  data  for  the  cable  after  an  ellipse  test 
and  then  a  figure  eight  test. 


120.0 


10  100 
Frequency  (MHz) 


Figure  5.  Transfer  impedance  data  change  after 
ellipse  test  and  figure  eight  test  for  cable  A-1 


Figure  6.  Transfer  impedance  data  change  after 
ellipse  test  and  figure  eight  test  for  cable  B-1 

Although  for  these  four  cables  their  features  are  dependent  on  the 
cable’s  manufacturers,  they  still  show  somewhat  similar 
characteristics.  C-l  is  chosen  as  an  example  to  discuss  mechanical 
stress  effect  on  FTP  cables  in  detail.  There  are  several  features  in 
this  figure.  The  TI  difference  between  the  data  for  the  cable  after 
ellipse  test  and  initial  data  is  very  small  at  low  frequency  side,  only 
3.9  mohm/m  at  31.25  MHz.  On  the  other  hand,  the  difference 
between  the  data  for  the  cable  after  figure  eight  test  and  initial  data 
is  significantly  high,  22.7  mohm/m  at  the  same  frequency. 
Furthermore,  the  TI  change  after  figure  eight  test  is  much  higher 
than  that  only  after  ellipse  test,  especially  at  high  frequency.  They 
approach  to  32.8  mohm/m  and  105.1  mohm/m  relative  to  Ellipse- 
Initial  and  Figure  eight-initial,  respectively,  at  100  MHz. 
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The  TI  change  for  the  other  three  cables  undergoing  ellipse  test  and 
figure  8  test  shown  in  Figure  5,  7  and  8  is  similar  to  C-l.  However, 
it  is  worth  pointing  out  that  for  B-l  after  ellipse  test  the  TI  change  is 
below  2  mohm/m  in  the  whole  frequency  range.  It  is  reasonable  to 
assume  that  the  TI  data  remain  unchanged  for  B-l  after  ellipse  test. 
On  the  other  hand,  significant  TI  change  is  observed  after  figure 
eight  test  for  B-l,  similar  to  A- 1 ,  C-l  and  D. 

Based  on  the  discussion,  it  is  obvious  to  understand  that  ellipse  test 
may  not  influence  cable’s  shield  performance  for  FTP  cables; 
however,  figure  eight  test  may  do  some  severe  damage  to  the 
Al/plastic  laminate  tape,  especially  at  high  frequency  region. 


Figure  7.  Transfer  impedance  data  change  after 
ellipse  test  and  figure  eight  test  for  cable  C-1 


1  10  100 
Frequency  (MHz) 


Figure  8.  Transfer  impedance  data  change  after 
ellipse  test  and  figure  eight  test  for  cable  D 


Figure  9,  10  and  11  present  the  shield  performance  after 
mechanical  stress  test  for  three  SFTP  cables,  A-2,  B-2  and  C-2, 
respectively.  They  are  very  small  scale  for  TI  change  compared 
to  Figure  5  ~  8.  Furthermore,  initial  TI  data  for  these  three  SFTP 
cables  shown  in  Figure  1  -  3  are  very  low  for  entire  frequency 
region. 

As  mentioned  in  DCM  manual,  low  TI  reading  may  be  high  error 
[5].  In  these  three  figures,  two  conditions  therefore  should  be 


possibly  assumed  within  experimental  error  and/or  due  to  data 
fluctuation.  One  is  negative  TI  change  data  for  the  cable  after 
mechanical  stress  test,  the  other  is  less  TI  change  for  the  cable 
after  figure  eight  test  than  that  for  the  cable  only  after  ellipse  test. 


Frequency  (MHz) 


Figure  9.  Transfer  impedance  data  change  after 
ellipse  test  and  figure  eight  test  for  cable  A-2 


Figure  10.  Transfer  impedance  data  change  after 
ellipse  test  and  figure  eight  test  for  cable  B-2 


Compared  with  Figure  5-8,  less  TI  change  is  observed  in  Figure 
9  ~  1 1 .  However,  it  is  still  able  to  discuss  mechanical  stress  effect 
on  SFTP  cables.  Regardless  of  Figure  9,  10  or  11,  it  is  clear  to 
see  that  significant  TI  change  is  observed  for  the  cable  only  after 
ellipse  test  at  low  frequency  side.  Furthermore,  the  data  indicate 
that  the  TI  change  from  the  data  for  the  cable  after  ellipse  test  to 
initial  data  is  similar  to,  even  closed  to,  one  from  the  data  for  the 
cable  after  figure  eight  test  to  initial  data  at  low  frequency  side, 
especially  for  C-2  in  Figure  1 1 . 

At  high  frequency  side,  it  would  like  to  explain  that  it  is  possibly 
an  uncertainty  region  due  to  data  fluctuation.  The  data  for  A-2 
may  be  not  enough  to  draw  a  conclusion.  However,  for  B-2  and 
C-2,  it  seems  reasonable  to  assume  that  TI  data  possibly  remain 
unchanged  at  high  frequency  side,  100  MHz.  It  may  reach  the 
conclusion  that  SFTP  cable  is  available  to  suffering  mechanical 
stress,  even  for  severe  environment  as  figure  eight  test. 
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Figure  11.  Transfer  impedance  data  change  after 
ellipse  test  and  figure  eight  test  for  cable  C-2 


5.  Conclusions 

The  shield  performance  of  FTP  cable  and  SFTP  cable  can  be 
qualified  by  measuring  shield  transfer  impedance.  The  data  are 
dependent  on  the  cable  manufacturers  due  to  different  cable  shield 
structure  design.  SFTP  cable  provides  better  shield  performance 
than  FTP  cable,  especially  at  high  frequency  side.  Helical  Al/plastic 
laminate  tape  and  stranded  drain  wire  are  not  recommended  to  be 
used.  Under  mechanical  stress  test,  including  ellipse  test  and  figure 
eight  test,  FTP  cables  are  generally  more  remarkably  sensitive  to 
mechanical  stress  test  than  SFTP  cable.  Ellipse  test  may  not 
influence  cable  shield  performance  for  FTP  cable;  however,  figure 
eight  test  does  some  severe  damage  to  A1  foil,  especially  at  high 


frequency  region.  SFTP  cable  is  available  to  suffering  mechanical 
stress,  including  ellipse  test  and  figure  eight  test,  over  the  entire 
frequency  range  up  to  100  MHz. 
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Abstract 

Recycling  of  used  products  is  desirable  from  the  standpoint  of 
global  environmental  preservation.  As  one  recycling  effort,  we 
performed  a  feasibility  study  on  recycling  the  polyethylene  used  as 
sheaths  for  communication  metallic  cables.  We  reused  them  for  the 
same  purpose. 

We  removed  the  polyethylene  sheaths  from  discarded  LAP 
(Laminated  Aluminum  Polyethylene)  sheath  cables  and  reprocessed 
them  into  pellets.  After  evaluating  the  reprocessed  pellets  for  a 
number  of  physical  properties,  they  proved  to  be  perfectly  reusable. 
We  also  tested  the  LAP  sheath  cables  made  from  reprocessed 
polyethylene  pellets,  and  confirmed  that  they  fully  satisfied  the 
mechanical  specifications  required  for  general  cables. 

We  also  examined  making  plastic  drums  for  communication  cables 
with  this  type  of  used  polyethylene  insulation  sheath.  Plastic  drums 
made  of  a  blended  material  of  polyethylene  reprocessed  from 
insulation  coverings  and  virgin  PP(polypropylene)  were  evaluated. 
As  a  result  of  the  evaluation,  though  they  were  inferior  to  general- 
purpose  plastic  drums  in  their  physical  properties,  they  proved  to  be 
perfectly  functional  in  the  field. 


Keywords 

Recycle;  discarded  cable;  Copper  cable;  Polyethylene  sheath;  Plastic 
drum 


1.  Introduction 

Efforts  to  achieve  industrial  waste  reduction  and  the  recycling  of 
used  products  have  become  important  tasks  among  or  social 
responsibility  for  global  environment  preservation.  For  more  than 
thirty  years,  The  Furukawa  Electric  Co.,  Ltd.  has  been 
manufacturing  insulated  and  sheathed  cables  for  communication. 
Eventually,  after  many  years  of  use,  these  cables  will  become 
obsolete  and  will  be  discarded.  Cables  consist  of  metals  such  as 
copper  and  aluminum,  along  with  plastic  resin  such  as  PE,  which  is 
used  as  an  insulator  jacket  and  an  outer  sheath.  Of  the  materials 
involved,  metals  are  comparatively  easy  to  recycle,  and  have  been 
consistently  recycled,  but  the  rotational  recycling  of  plastic  material 
has  not  been  discussed  much  in  the  literature. 

We  studied  the  recycling  of  the  PE  used  in  LAP  sheath  cables,  the 
composition  of  which  is  shown  in  Figure  1.  These  sheaths  are 
generally  discarded  after  they  are  used  in  aerial  cables  and 
underground  cables.  Studies  to  reuse  the  PE  in  used  sheaths  to 
create  new  sheaths,  and  to  reuse  PE  used  for  insulation  to  create 
plastic  drums  for  communication  cables  were  conducted. 


Polyethylene  outer 

Figure  1.  The  Composition  of  discarded  cable 


2.  Recycling  Discarded  Cable  Sheaths 

2.1.  The  Recycling  Process  of  PE  used  for  Sheaths 

The  recycling  process  of  PE  used  for  sheaths  and  insulators  of 
discarded  and  recovered  CCP  (Color  Coded  Polyethylene)  LAP 
cables  is  shown  in  Figure  2. 

Discarded  cables  (1)  are  cut  (2)  using  a  cutter  and  cable  sheaths  (3) 
are  removed  from  the  cables.  Then  the  Aluminum  tape  is  separated 

(4)  from  the  cable  sheaths,  the  sheath  PE  is  ground  up  (5)  using  a 
grinder,  and  washed  (6).  Then  ground  sheath  PE  is  made  into  pellets 
(7)  using  an  extruding  machine.  The  reprocessed  pellets  (8)  are 
reused  to  make  new  cable  sheaths  (9). 


2.2.  Characteristics  of  Reprocessed  Sheath  PE 

In  order  to  verify  the  characteristics  of  reprocessed  PE,  we  examined 
both  the  basic  physical  properties  and  the  long-term  features,  and 
made  cables  using  reprocessed  PE  and  tested  these  cables.  A 
Comparison  of  the  test  results  against  those  of  virgin  pellets  of  low 
density  polyethylene  containing  2.6  %  carbon  is  shown  here. 

2. 2. 1  Characteristics  of  Reprocessed  Material 

The  physical  properties  of  both  pellets  were  evaluated  by  making 
them  into  sheets  using  press  molding  after  roll  milling.  The  physical 
properties  of  the  sheets  are  shown  in  Tables  1,  and  Figures  3  and  4. 
The  results  show  that  reprocessed  PE  is  by  no  means  inferior  to 
virgin  pellets. 
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Figure  4.  Reprocessed  pellets  durability  for 
theUV  light  radiation 


Table  2.  Characteristics  of  a  recycled 
cable  sheath 


The  sheaths  of  cables  are  exposed  to  various  outdoor  elements  for 
many  years,  and  gradual  deterioration  has  always  been  a  point  of 
concern.  The  results  proved,  however,  that  there  is  no  remarkable 
deterioration,  and  that  PE  from  the  sheaths  of  discarded  cables  can 
be  used  again. 

2.3  Characteristics  of  Reprocessed  Sheath  Cables 

Using  reprocessed  PE,  we  made  a  cable  with  400  pairs  of  insulated 
conductors  with  a  0.4  mm  outer  diameter,  the  construction  of  which 
is  illustrated  in  Figure  1.  We  then  evaluated  the  physical  properties 
of  the  sheath  and  the  mechanical  characteristics  of  the  cable.  The 
physical  properties  of  the  recycled  sheath  of  the  cable  is  shown  in 
Table  2.  Based  on  these  tests,  it  was  confirmed  that  the  reprocessed 
sheath  had  the  equivalent  physical  properties  of  a  sheath 
conventionally  used  in  a  cable. 


Item 

Unit 

Recycled  cable 
sheath 

Density 

g/cm3 

0.936 

Melt  Flow 

HHISESESIfl 

0.18 

Tensil  Strength 

MPa 

14.2 

% 

520 

Brittlness  at 
-70  degrees  C 

Broken/Tested 

0/5 

Environmental 
Stress  Clacking 

Broken/Tested 
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3.  Recycling  Insulators  into  Plastic  Drum 
Material 

Insulated  wires  recovered  from  the  discarded  cable  illustrated  in 
Figure  1  are  ground  and  copper  nuggets  and  insulation  PE  are 
separated  to  reclaim  the  copper.  While  copper  has  a  high 
monetary  value,  and  is  therefore  often  reclaimed,  most  insulation 
PE  has  been  disposed  of  as  industrial  waste.  For  these 
experiments,  we  performed  a  feasibility  study  on  the  utilization  of 
insulation  PE  as  plastic  drum  material  for  communication  cables. 

3.1  Physical  Properties  of  the  Recovered  Insulation 
PE 

For  general-purpose  plastic  drums,  PP  (polypropylene)  is  used. 
Therefore,  we  examined  the  basic  physical  properties  of  the 
discarded  insulation  material  in  comparison  with  PP.  The  results  of 
the  evaluation  are  shown  in  Table  3.  They  reveal  that  insulation  PE 
is  superior  to  sheath  PE  in  the  bending  modulus  (rigidity)  and  the 
heat  deformation  temperature  (heat  resistance),  and,  although  the 
insulation  PE  is  inferior  to  sheath  PE  in  impact  strength,  it  is 
superior  to  PP.  From  the  above  results,  we  concluded  that  insulation 
PE  is  preferable  to  outer  sheath  PE  as  plastic  drum  material. 

Table  3.  Comparison  of  material  properties  of 
sheath  PE  with  insulation  PE 


Item 

Unit 

Outer 

Sheath  PE 

Insulation 

PE 

PP 

Izod  Impact 

kJ/m2 

70 

20 

4 

Bending 

Modulus 

MPa 

300 

600 

1500 

Deflection 

Temperature 

Degree  C 

49 

59 

136 

100  75  50  25  0 

Reprocessed  PE  Blending  Ratio  (Reprocessed  PE  wt  %) 


Figure  6.  Relationship  of  Reprocessed  PE 
blending  ratio  and  Impact  Strength 


Insulation  PE  Blending  Ratio  (Reprocessed  PE  wt%) 


Figure  7.  Relationship  of  insulation  PE 
blending  ratio  and  Deflection  Temperature 


3.2  Material  Composition  Improvement 

If  insulation  PE  alone  is  used  for  plastic  drums,  products  may  fall 
behind  conventional  products  in  rigidity  and  heat  resistance,  so 
blending  insulation  PE  with  PP  was  studied  to  improve  the  quality. 
Results  of  this  study  are  shown  in  Figure  5  thru  Figure  7.  We 
concluded  that  insulation  PE  and  PP  blended  at  a  ratio  of  one  to  one 
has  the  characteristics  best  suited  to  plastic  drums. 
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Insulation  PE  Blending  Ratio  (Reprocessed  PE  wt  %) 

Figure  5.  Relationship  of  insulation  PE 
blending  ratio  and  characteristics 


3.3  Features  of  Ecoplastic  Drums 

The  facts  obtained  from  confirming  whether  or  not  ecoplastic  drums 
made  from  recovered  insulation  PE  can  actually  be  utilized  are 
described  below.  The  composition  of  the  ecoplastic  drums  and 
conventional  plastic  drums  evaluated  are  detailed  in  Table  4. 


Table  4.  Comparison  of  material  properties  of 
sheath  PE  with  insulation  PE 


Material 

Ecoplastic 

Drum 

Conventional 

Plastic  Drum 

Reprocessed 

PE 

50 

- 

PP 

50 

100 
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3.3,1  Compression  Test 

The  compression  test  of  a  plastic  drum  is  pictured  in  Figure  8,  and 
Table  5  shows  the  results  of  this  test.  From  this  test,  it  became 
known  that,  when  compared  to  conventional  plastic  drums, 
ecoplastic  drums  have  only  half  the  strength. 


“Test  Conditions” 
Load  Speed: 

10  mm/min 
Load  Cell:  50  kN 


Figure  8.  Compression  Test  of  a  Plastic  Drum 


Table  5.  Results  of  the  compression  test 
of  plastic  drums 


Test  Order 

Ecoplastic 

Drum 

Conventional 
Plastic  Drum 

First  Test 

11.3  kN 

24.1  kN 

Second  Test 

11.8  kN 

23.4  kN 

Table  6.  Results  of  the  ecoplastic  drum 
evaluation 


Items  Evaluated 

Conditions  for  Passing  the  test 

Determination 

Cable  Winding 

No  breaking  of  coils, 
deformations,  or  damage  could 
be  noticed 

good 

Drop  Test 

sama  as  above 

good 

High  Temperature 
Ageing 

sama  as  above 

good 

4.  Conclusion 

We  performed  a  number  of  feasibility  studies  on  the  ability  to 
recycle  the  PE  used  in  discarded  communication  metallic  cables, 
which  have  often  been  disposed  of  as  industrial  waste.  The  physical 
properties  of  reclaimed  PE  used  as  sheaths  for  communication 
cables  were  studied.  The  ability  to  recycle  the  material  and  re-use  it 
as  sheath,  as  well  as  cable  on  which  actual  reprocessed  pellets  were 
used  as  sheath  were  evaluated.  We  came  to  the  conclusion  that 
reprocessed  PE  can  be  reused  for  cables. 

In  addition,  PE  that  had  been  used  as  an  insulator  was  studied  for 
recycling  use  as  plastic  drum  material,  after  blending  it  with  PP. 
Tests  were  performed  to  check  the  capability  of  drums  made  of  the 
blended  material,  to  determine  whether  they  could  withstand  actual 
handling  in  the  field.  These  test  have  revealed  that  the  drums  made 
of  blended  material  could  indeed  withstand  these  tasks,  even  though 
the  physical  strength  of  the  material  was  about  half  that  of 
conventional  material  (pure  PP).  From  the  above  results,  we 
conclude  that  the  value  of  discarded  communication  copper  cables 
can  be  increased  and  this  sort  of  recycling  can  contribute  positively 
to  environmental  preservation  in  the  future. 


3.3.2  Cable  Winding  Test 

To  simulate  using  a  drum  in  the  field,  the  spreading  of  the  drum 
flanges  was  measured  by  winding  cables  on  the  drum.  Results  are 
shown  in  Table  6. 

3.3.3  Drop  Strength  Test 

An  ecoplastic  drum  packed  in  the  same  way  as  conventional  drums 
was  dropped  from  the  bed  of  a  truck,  from  a  height  of  1.2  meters, 
onto  an  asphalt  paved  road,  to  check  damage  to  the  drum.  The 
results  are  shown  in  Table  6. 

3.3.4  High  Temperature  Heating  Test 

An  ecoplastic  drum  packed  in  the  same  way  as  conventional  drums 
was  stored  at  70  for  nine  weeks.  When  the  nine  weeks  elapsed  it 
was  left  at  the  normal  temperature  for  twenty-four  hours.  The 
spreading  of  the  flanges  was  measured,  and  the  results  appear  in 
Table  6. 
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Abstract 

Polyethylene  compounds  have  been  successfully  extruded  for 
many  years  as  jackets  for  telecommunications  and  power  cable 
applications.  The  wire  and  cable  industry  has  long  recognized 
that  the  inclusion  of  a  polyethylene  jacket  in  the  overall  cable 
design  represents  a  cost-effective  way  to  extend  the  cable  life  and 
end-use  performance.  However,  increasing  competitiveness  in 
the  cable  industry  requires  that  the  cable  maker  continue  to 
search  for  jacketing  materials  with  enhanced  performance  and/or 
value-added  functionality,  which  can  further  reduce  the  total 
cable  system  cost.  As  part  of  The  Dow  Chemical  Company,  our 
Wire  &  Cable  Compounds  business  has  many  new  capabilities  to 
design  the  chain  architecture  of  polyethylene  for  enhanced 
jacketing  performance.  The  ability  to  manufacture  such 
compounds  in  all  regions  of  the  world  adds  to  our  ability  to 
provide  customers  with  the  best  balance  of  cost  and  performance. 

Keywords 

Polyethylene;  jacket;  bimodal;  tie  chain;  processability;  shrinkage, 
ESCR;  new  opportunities. 

1.  Introduction 

The  primary  role  of  a  jacket  is  to  protect  the  cable  core.  The  jacket 
compound  used  must  meet  very  strict  material  requirements, 
including  good  tensile  and  flexure  properties,  abrasion  resistance, 
environmental  stress  crack  resistance  (ESCR),  low  brittleness 
temperature,  weatherability,  and  compatibility  with  other 
components  in  the  cable  design.  Processability  and  post-extrusion 
shrinkage  are  also  an  integral  part  of  the  selection  process.  The 
jacketing  operation  must  be  performed  at  competitive  line  speeds 
using  standard  extrusion  equipment  offered  commercially  in  the 
market  place. 

Polyethylene  has  been  the  preferred  jacketing  material  for  the 
cable  industry  since  the  1940s.  Continuous  advancement  in 
polyethylene  manufacturing  technologies,  including  catalysis  and 
reaction  processes  with  state-of-the-art  compounding,  have 
allowed  polyethylene  to  become  the  most  cost  effective  means  to 
achieve  the  primary  performance  requirements  in  jacketing 
applications.  For  additional  performance  enhancement,  components 
such  as  additives,  functional  fillers  or  polymers  are  very  often 
compounded  into  polyethylene  during  the  manufacturing  process, 
as  illustrated  in  Figure  1 . 


Figure  1.  Jacketing  compounds  manufacturing 

The  majority  of  telecom  jacketing  applications  use  black  jackets, 
but  a  few  selected  cable  users  in  Europe  and  North  America  specify 
a  fully  colored  jacket.  Carbon  black  or  color  concentrate  is 
compounded  into  the  jacket  compounds  to  satisfy  these  market 
segments.  Carbon  black  and/or  UV-stabilizers  are  common 
additives  to  enhance  the  weatherability  of  polyethylene  jacket. 
Antioxidants  are  used  in  all  jacket  applications  to  ensure  the 
stability  of  the  jacket  compounds  during  storage  and  extrusion. 
Other  additives,  functional  fillers  or  polymers  can  be  added  to  meet 
specific  requirements  of  other  unique  jacket  applications. 

Current  polyethylene  jacketing  grades  range  from  low  density  PE 
(LDPE),  made  by  a  conventional  high  pressure  process,  to  linear 
low  density  (LLDPE),  medium  density  (MDPE),  and  high  density 
(HDPE)  PE  made  by  a  low  pressure  process.  The  base  resin  is 
selected  to  offer  unique  performance  characteristics  for  a  wide 
variety  of  jacketing  applications  [1-4].  LDPE  typically  has 
excellent  processability  and  flexibility,  but  has  been  gradually 
replaced  by  linear  polymer  due  to  poorer  LDPE  physical 
properties.  Polyethylene  is  conventionally  specified  according  to 
its  melt  index  (MI),  and  density.  For  identification  purpose, 
ASTM  [5]  also  classifies  density  and  MI  into  various  types  and 
categories.  The  structure-property  relationship  for  the  majority 
of  polyethylene  made  by  conventional  technologies  can  be 
described  in  terms  of  qualitative  relationships  or  functions  of 
density  and  MI.  The  direction  of  improved  performance  in 
relation  to  MI  and  density  is  indicated  in  Figure  2. 
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Figure  2.  Jacket  grades  with  ASTM  classification 
and  direction  of  improved  performances 


Recent  polyethylene  technology  advancements  such  as  the 
development  of  dual  reactor  manufacturing  processes  (gas,  slurry, 
and/or  solution  phase)  and  single-site  constrained  geometry  catalyst 
[6]  provide  new  opportunities  for  the  development  of  higher 
performance  wire  and  cable  jacketing  compounds.  Dual  reactor 
manufacturing  processes  provide  the  flexibility  to  engineer  resin 
structure  via  in-reactor  blending  of  two  structurally  different 
polyethylenes  at  the  molecular  level.  Constrained-geometry  catalyst 
provides  the  precision  to  control  the  molecular  structure  of 
polyethylene.  More  control  of  the  reaction  process  allows 
modeling  to  more  accurately  predict  the  structure-property 
performance,  and  to  break  many  of  the  rules  and  restrictions  of 
conventional  technologies.  The  ability  to  manufacture  such 
compounds  in  all  regions  of  the  world  adds  to  our  ability  to  provide 
customers  with  cost  effective,  high-performance  products. 

2.  Experimental 

2.1  Material 

Sample  involved  in  this  study  includes  the  commercial  unimodal 
HDPE  Jacket  DGDA-7580  NT  abbreviated  as  UNI  and  two 
developmental  bimodal  products  abbreviated  as  BI-A  and  BI-B. 

2.2  Solution  Characterization 

Molecular  weight  and  its  distribution  (MWD)  were  determined 
by  size  exclusion  chromatography  (SEC)  with  a  Waters  150C 
GPC.  The  SEC  was  operated  at  140  °C  with  1,2,4- 
trichlorobenzene  as  the  solvent  and  mobile  phase.  Poly  disperse 
polyethylene  standards  (with  known  MW  statistics  and  intrinsic 
viscosity)  were  used  for  calibration  to  obtain  the  molecular 
weight,  and  MWD. 

Short  chain  branching  distribution  (SCB)  or  composition 
distribution  for  polyethylene  was  determined  using  analytical 
temperature  rising  elution  fractionation  (TREF),  in  which  a  single 
beam  infrared  concentration  detector  monitors  effluent 
concentration  as  a  function  of  fractionation  temperature 
(inversely  related  to  SCB  content).  The  solvent  used  was 
also  1,2, 4-trichlorobenzene.  Calibration  standards  and  data 
reduction  software  converted  the  measurement  to  composition 
distribution  statistics. 


2.3  Melt  State  Characterization 

Capillary  viscometry  was  used  to  measure  steady  shear  flow  at  190 
°C.  Dynamic  rheological  measurements  (oscillatory  shear)  were  run 
in  parallel  plate  mode  and  covered  frequencies  from  0.1  to  100  sec1 
at  190  °C  to  characterize  the  viscoelastic  behavior  of  a  polymer 
melt.  Controlled  rate  experiments  to  calculate  the  storage  and  loss 
moduli  (and  dynamic  viscosity)  were  used  to  determine  the 
relaxation  time  spectrum  of  the  polyethylene  via  commercial 
software  [7]. 

2.4  Wire  Extrusion 

Wire  extrusion  experiments  were  conducted  on  a  2.5”  Davis- 
Standard  line  with  a  20/40/60/20  stacked  screen  pack  and  a  sleeve 
die  with  4:1  drawdown  over  14  AWG  Cu.  Line  speed  was  set  at 
200  feet/min.  Pressure  readings  at  breaker  plate  were  used  to  rank 
jacket  processability. 

2.5  Shrinkage 

Shrinkage  tests  were  performed  on  30-cm  long  wire  samples, 
which  were  aged  overnight  at  ambient  temperature  followed  by 
aging  at  100°C  for  24  hours  on  a  bed  of  talc.  Changes  in  plastic 
wire  length  relative  to  conductor  length  were  taken  as  a  measure 
of  the  shrinkage. 

2.6  ASTM  Testing 

Flow  Index  was  determined  according  to  ASTM  D1238.  Density 
was  determined  per  ASTM  D1505.  Tensile  properties  were 
measured  according  to  ASTM  D-638.  Flexural  modulus  was 
determined  per  ASTM  D-790.  Brittleness  temperature  was 
determined  according  to  ASTM  D746.  ESCR  tests  were 
conducted  per  ASTM  D-1693  using  10%  Igepal  solution  at  50  C, 
with  Fo  as  the  time  for  zero  cracks.  PENT  test  for  tensile  load 
test  with  single-edge  notched  specimen  under  plane  strain 
condition  was  conducted  per  ASTM  F-1473.  Abrasion  tests  were 
done  using  a  DOW  internal  method  similar  to  the  standard  Taber 
test. 

3.  Results  and  Discussions 

3.1  Material  Characterization 

The  results  from  size  exclusion  chromatography  and  rheological 
measurements  are  shown  in  Table  1. 


Table  1.  Characterization  Data 


UNI 

BI-A 

BI-B 

FI  (g/lOmin) 

8.55 

8.25 

13.13 

MFR 

153.50 

96.83 

82.06 

Density  (g/cm3) 

0.946 

0.949 

0.947 

Mn  (g/mol) 

5,992 

11,702 

12,034 

Mw(g/tnol) 

220,354 

268,045 

226,066 

Mz(g/mol) 

1,343,081 

1,245,610 

1,004,188 

Mw/Mn 

37 

22.9 

18.8 

RSI 

22.5 

17.5 
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The  molar  mass  distribution  curves  presented  in  Figure  3  show 
bimodality  for  sample  produced  from  a  dual  reactor.  The  high 
molecular  weight  tail  observed  in  the  unimodal  sample  contributed 
to  its  longer  relaxation  time  and  higher  Z-average  molecular 
weight. 


Figure  3.  Molecular  weight  distributions 

The  short  chain  branching  distributions  are  shown  in  Figure  4. 
Branching  frequency  is  inversely  proportional  to  polyethylene 
crystallinity  or  density.  The  shift  in  the  peak  position  reflects  the 
slight  differences  in  density  of  the  compounds. 


Ttmpertl«r*("C) 


Figure  4.  Short  chain  branching  distributions 

The  shear  viscosity  curves  are  compared  in  Figure  5.  The  sheai 
viscosity  of  bimodal  samples  is  slightly  lower  than  that  ol 
unimodal  polyethylene  at  the  same  shear  rate. 


lower  head  pressure  during  extrusion.  The  improved  processability 
allows  the  cable  manufacturers  more  latitude  in  their  process 
without  impacting  the  material  performance.  Reduced  shrinkage 
helps  to  maintain  low  signal  attenuation  in  the  cable  manufacturing 
process,  which  is  critical  to  the  fiber  optical  application.  Typically, 
when  exposed  to  the  thermal  cycling,  the  shrinkage  in  a  jacket  can 
cause  stresses  and  deformation  that  lead  to  the  unwanted  increase  in 
cable  attenuation.  Jacket  made  from  material  with  reduced 
tendency  towards  shrinkage  in  the  laboratory  will  most  likely  also 
have  reduced  tendency  for  shrinkage  when  manufactured  by  the 
cable  maker  under  a  more  severe  processing  condition. 


Table  2.  Extrusion  Performance  Comparison 


UNI 

BI-A 

BI-B 

Head  Pressure 

Dow 

psi 

3980 

3580 

3310 

RPM 

Dow 

46.6 

46.5 

42.6 

AMP 

Dow 

47.5 

49.2 

464 

MELT  TEMP 

Dow 

°F 

503 

510 

500 

SHRINKAGE 

Dow 

% 

1.30% 

1.10% 

1.00% 

3.3  Mechanical  Properties 

Mechanical  properties  are  summarized  in  Table  3. 


Table  3.  Mechanical  Property  Comparison 


r-  — 

UNI 

BI-A 

BI-B 

Tensile  Strength 

D638 

Psi 

3015.7 

3199.7 

2977.3 

Flexural  Modulus 

D790 

Psi 

11393 

134429 

122472 

ESCR,  10%  “Igepal”,  F0 

D1693 

Days 

30 

30 

30 

PENT 

FI  473 

Hours 

>100 

>6000 

>3000 

Abrasion  Resistance 

Dow 

Mg/ 100 
cycle 

11.2 

9.6 

12.0 

Brittleness  Temperature 

D746 

°C 

-70 

-70 

-70 

All  polyethylene  samples  show  low  brittleness  temperature 
performance  as  expected.  Tensile  strength,  flexural  modulus,  and 
abrasion  resistance  performance  are  comparable,  with  the  subtle 
differences  accounted  for  by  typical  MI  and  density  differences. 
Good  mechanical  properties  ensure  the  ability  of  the  jacket  to 
withstand  the  rigors  of  installation  conditions  and  to  protect  other 
internal  cable  components  such  as  insulation  and  buffer  or  core 
tubes,  etc. 

Both  ESCR  and  PENT  measure  Slow  Crack  Growth  (SCG)  rate. 
PENT  is  an  accelerated  test  method  for  measuring  SCG  for 
predicting  the  service  lifetime,  while  ESCR  is  a  slower  test.  As 
shown  in  Table  3,  all  samples  passed  30  days  of  ESCR  evaluation, 
however,  the  SCG  rate  for  bimodal  polyethylene  is  much  slower 
than  that  of  unimodal  polyethylene  as  indicated  by  PENT  method. 


j  Shear  Rate  (sec*1) 

Figure  5.  Shear  Viscosity  Comparison 
3.2  Wire  Extrusion 

Extrusion  performance  has  been  summarized  in  Table  2.  Compared 
to  the  unimodal  resin,  bimodal  resins  have  lower  shrinkage  and 


The  SCG  rate  is  determined  by  the  solid  state  morphology  of  a 
shaped  polyethylene  article.  Polyethylene  resins  are  semi¬ 
crystalline  such  that  lamella  crystals  are  bound  together  by  the  tie 
chains.  As  the  polymer  crystallizes,  different  parts  of  a  particular 
molecule  can  become  parts  of  different  lamellae,  and  molecules  that 
have  parts  of  their  chain  in  two  or  more  lamellae  are  tie  molecules 
as  illustrated  in  Figure  5. 


Internationa!  Wire  &  Cable  Symposium 


410 


Proceedings  of  the  51st  IWCS 


Figure  5:  A  schematic  of  the  semi-crystalline 
structure  of  polyethylene. 


Depending  on  the  length  (or  molecular  weight)  of  the  tie  molecule 
and  the  thickness  of  the  lamellae  it  forms,  a  “network  of 
crystallites  may  be  connected  together  with  a  single  polymer 
molecule.  When  stress  is  applied,  the  tie  molecules  pull  on  the 
crystals,  and  attempt  to  “disentangle”  the  tie  molecule  from  the 
crystallites.  The  crystallites  act  as  anchors  during  the  motion  of  the 
tie  molecules.  The  disentangling  rate  of  the  tie  molecules  depends 
on  the  density  of  the  tie  molecule  since  the  average  stress 
experienced  by  a  tie  molecule  is  inversely  proportional  to  density. 
The  disentangling  rate  also  depends  on  the  length  of  the  crystals. 
The  stronger  the  crystal,  the  greater  the  restriction  on  the  movement 
of  the  tie  molecules. 

The  density  of  the  tie  molecules  is  dependent  on  MW  and  crystal 
size.  The  fraction  of  molecules  forming  tie  chains  can  be  calculated 
by  using  the  scheme  outlined  by  Huang  and  Brown  [9],  They  start 
with  a  one-dimensional  view  of  polyethylene  structure.  They 
assume  that  lamella  crystallites  are  infinitely  long  and  run  parallel 
to  each  other.  Lc  is  the  thickness  of  the  lamella  crystal  and  La  is 
the  interlamella  spacing.  The  formation  of  a  tie  chain  requires  that 
a  polyethylene  molecule  traverse  two  crystalline  and  one 
amorphous  region.  The  distance  traversed  is  then  at  least  2Lc  +  La. 
If  one  assumes  that  the  distance  traversed  by  a  molecule  can  be 
calculated  by  the  random  walk  model,  then  the  following  equations 
can  be  used  to  calculate  the  probability  of  forming  a  tie  chain  or  tie 
molecule. 

P=  £  f2 exp(-  Jj  y")dr j'i  |  y  exp(-  Jy  y)dr  O) 

where  L  equals  2Lc  +  La  and  the  factor  3  in  the  denominator  of 
equation  1  is  based  on  the  geometry  of  a  lamella  crystal,  since  a 
tie  molecule  forms  along  one  of  the  crystal  dimensions.  The 
thickness  of  the  amorphous  region  between  the  crystallites  can  be 
calculated  as: 

ia  =  ui-xyx,  (2) 

where  X  is  the  crystallinity  fraction. 

3 

b2  =  -  in  which  <r>2  is  the  mean  square  value  of 

2  <  r  >2 


the  end-to-end  distance  of  the  random  coil.  For  linear, 
monodisperse  polyethylene  in  the  equilibrium  melt  state,  the 
mean  square  end-to-end  distance  for  long  chains  is  given  as 
(Flory  (1989)  [9]): 

<r>2  =  Coo  nl2  (3) 

where  C«>  =  6.8  is  related  to  the  stiffiiess  of  the  chain,  n  is  the 
number  of  carbon  atoms  (=  MW/14)  and  1  —  1.53  A  is  the  bond 
length  between  adjacent  carbon  atoms. 

The  tie  chain  fraction  can,  therefore,  be  calculated  if  the  lamella 
thickness,  crystallinity  and  molecular  weight  are  known.  Hosoda 
et.  al.  [10]  calculated  tie  chain  probability  as  a  function  of 
crystallinity  based  on  the  morphological  data  obtained  from 
butene-LLDPE  crossfractions.  Key  features  of  tie  chain 
probability  are  shown  in  Figure  6. 


0  25  50  75  100 
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Crystallinity  % 


Figure  6.  Probability  of  the  tie  molecule  as  a 
function  of  the  crystallinity  and  molecular  weight 

The  overall  density  and  short  chain  branching  distribution  for 
unimodual  and  bimodal  resin  are  very  similar  as  indicated  in 
Figure  4.  However,  in  the  dual  reactor  manufacturing  process  the 
tie  chain  probability  can  be  easily  optimized  by  incorporation 
more  tie  chain  into  the  high  molecular  portions  of  the  molecular 
weight  distribution  as  pictorially  demonstrated  in  Figure  7. 


Figure  7.  Optimization  of  tie  chain  along  with 
polyethylene  MWD 
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As  a  result  of  tie  chain  optimization,  the  crack  resistance  of  bimodal 
resin  can  be  superior  to  that  of  unimodal  resin  as  indicated  in  Table 
3  (i.e.  PENT).  In  the  conventional  polyethylene  manufacturing 
process,  it  is  very  difficult  to  adjust  the  molecular  weight 
distribution  and  short  chain  branching  distribution  independently. 

It  is  demonstrated  that  by  optimizing  the  polyethylene  chain 
architecture,  the  jacketing  performance  can  be  substantially 
improved  relative  to  the  typical  linear  structure-property 
relationships  for  conventional  polyethylene  technology.  This  is 
represented  pictorially  in  Figure  8. 


4.  Conclusions 

Polyethylene  continues  to  deliver  cost  effective  performance  in 
wire  and  cable  jacketing  applications.  End  use  performance  of  the 
jacket  is  determined  by  its  ordered  solid  state  morphology  as 
developed  in  the  phase  transformation  from  melt  to  solid.  This 
morphology  is  controlled  by  the  chain  architecture  of  polyethylene. 
Polyethylenes  are  product-by-process  materials.  Their  intrinsic 
molecular  structure  is  determined  by  the  catalysts  and/or  initiators, 
reactants,  process  configuration,  and  process  conditions  used  in 
resin  manufacture.  Advancement  in  catalyst  and  process  provides 
flexibility  to  control  the  molecular  structure  of  polyolefines  and  to 
break  many  of  the  rules  and  restrictions  of  conventional 
technologies  to  make  polyethylene-jacketing  compounds  more 
robust. 

The  use  of  the  dual  reactor  provides  flexibility  to  broaden 
molecular  weight  distribution  and  optimize  the  short  chain 
distribution,  which  results  in  improved  processability,  shrinkage 
and  slow  crack  resistance.  Improved  processability  allows  the  cable 
manufacturers  more  latitude  in  their  process  without  impacting  the 
material  performance.  Reduced  shrinkage  helps  to  maintain  low 
signal  attenuation  in  the  cable  manufacturing  process,  which  is 
critical  to  the  fiber  optic  application.  Reduced  slow  crack  growth 
rate  provides  more  insurance  that  the  jacketing  will  not  crack 
during  reel  storage  or  during  the  service,  which  is  especially  critical 
in  thick-wall  applications. 


The  ability  to  manufacture  such  state-of-the-art  compounds  in  all 

regions  of  the  world  creates  additional  opportunities  to  develop 

jacket  compounds  with  the  best  balance  of  cost  and  performance. 
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Abstract 

This  paper  examines  the  factors  that  influence  the  formation  of 
smoke  in  flame  retardant  systems.  The  flame  retardant  used,  the 
resin  and  choice  of  the  additive  package  can  have  a  major  impact 
on  smoke  generation  when  the  material  is  burned. 

The  selection  of  the  halogenated  additive  has  the  most  major 
effect  on  smoke.  The  chlorinated  flame  retardant  used,  an 
alicyclic  material,  is  superior  to  the  brominated  additives  in  char 
promotion  during  the  burning  process.  That  is  a  larger  amount  of 
the  polymeric  material  is  converted  to  non-volatile  material  and 
remains  in  the  solid  phase  rather  than  being  converted  to 
soot-like  material  commonly  described  as  smoke.  In  the  same 
polymer  system  at  comparable  flame  retardance  performance, 
the  chlorinated  additive  always  yields  more  char,  and  therefor 
less  smoke. 

Keywords 

Fire;  flame;  chlorine;  chlorinated;  bromine;  brominated;  wire; 
cable;  testing;  electronic;  electric;  dioxin;  smoke;  nbs;  LOI; 

char;  testing. 

Introduction 

Improved  smoke  performance  has  been  achieved  in  flame 
retardant  wire  and  cable  materials  by  careful  attention  to  the 
selection  of  the  halogenated  additive  and  also  by  the  use  of  a 
small  amount  of  an  iron  compound  and  the  incorporation  into 
the  formulation  of  a  surface  modified  talc.  The  chlorinated 
alicyclic  flame  retardant  has  proven  superior  to  brominated 
additives  in  their  ability  to  achieve  less  smoke  generation.  This 
is  related  to  their  mode  of  flame  retardant  activity  where  the 
ability  to  promote  char  leads  to  reduced  smoke  compositions. 
The  halogenated  additives  used  in  the  investigations  are 
representative  of  those  found  in  typical  formulations. 

The  halogenated  flame  retardants  used  are  listed  in  Figure  1. 
CA-1  is  the  only  chlorinated  flame  retardant  used  in  the 
industry.  Two  of  the  most  common  brominated  flame  retardants 
used  for  wire  and  cable  are  BA-1  and  BA-2. 

While  smoke  generation  is  of  major  interest,  the  formation  of 
hydrogen  halides  from  materials  containing  halogenated 
additives  during  combustion  is  also  of  importance.  The 
analyses  of  combustion  gases  during  NBS  chamber  testing  was 
carried  out  to  determine  the  volatile  hydrogen  halides  evolved. 
Our  data  shows  quite  low  levels  of  the  halogenated  additives 
being  converted  to  volatile  halides,  especially  if  compared  to 
the  PVC  formulations. 


Besides  discussing  the  different  halogenated  additives,  this 
paper  will  also  discuss  different  polyolefins  used  in  flame 
retardant  wire  and  cable  formulation  and  smoke  data  in  each. 


Halogenated  Additives 


(a)  Bis  (hexachlorocyclopentadieo)  cyclooctane 

(b)  Decabromodiphenyl  oxide 

(c)  Ethylene  bis(tetrabromophthalimide) 


Figure  1.  Halogenated  Flame  Retardant  Additives 


Results 

Table  1  shows  typical  FR-EVA  formulations  using  the  chlorinated 
flame  retardant  CA-1.  These  formulations  have  a  LOI  of  27  and 
will  pass  the  UL-44  VW-1  test. 
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Table  1.  FR-EVA  formulation  using  CA-1  at  the 


flame  retardant 

Formulation  (Weight  %) 

1 

2 

EVA 

47.9 

47.9 

CA-1 

25.0 

18.0 

Sb203 

5.0 

9.0 

Translink-37  (Clay) 

20.0 

23.0 

Agerite  Resin  D  (Anti-oxidant) 

0.7 

0.7 

Luperox  500R  (Peroxide) 

1.4 

1.4 

Oxygen  Index  (%) 

27 

27 

UL  44  VW  -  1  Flame  Test 

pass 

pass 

Tensile  Strength  (Mpa) 

12.7 

14.0 

(PSD 

1846 

2034 

Elongation  (%) 

298 

262 

It  has  generally  been  accepted  that  flame  retardant  formulations 
for  wire  and  cable  materials  generate  greatly  increased  levels 
of  smoke  when  undergoing  forced  combustion.  While 
historically  this  is  true,  formulations  are  available  using 
traditionally  used  additives  that  approach  the  smoke  generation 
properties  of  unmodified  polymers.  This  is  illustrated  in  Figure 
2  for  a  crosslinked  polyethylene  formulation.  Proper  selection 
of  the  halogenated  additive  and  the  use  of  selected  formulation 
technology  achieved  this  result.  The  unmodified  sample  in  this 
case  contains  fiberglass  to  inhibit  the  dripping  characteristics 
of  polyethylene,  which  yield  difficult-to-interpret  results  in  the 
NBS  Chamber.  The  FR-low  smoke  formulation  is  shown  in 
Table  3. 


Figure  2.  NBS  Smoke  Generation  XLPE  Compositions. 
Comparison  of  Performance  Flame  Retardant  Low 
Smoke,  unmodified  XLPE 


The  importance  of  the  selection  of  the  halogenated 
additive  is  illustrated  in  Table  2  for  an  ethylene-vinyl 
acetate  copolymer  (EVA)  and  an  ethylene-propylene- 
diene  terpolymer  (EPDM)  formulation.  The  formulation 
containing  the  chlorinated  additive  exhibits  significantly 
lower  smoke  generation  than  those  that  contain  the 
brominated  additives. 


Table  2.  NBS  smoke  generation  for  FR-potyolefins 
brominated  flame  retardants  versus  chlorinated  flame 
retardants 


Polymer 

Halogenated 

Additive 

Ds  (a).  4  Min. 

Dmax 

EVA 

CA-1 

430 

484 

BA-1 

584 

601 

BA-2 

624 

627 

EPDM 

CA-1 

321 

441 

BA-1 

643 

713 

BA-2 

586 

641 

A  generalized  low  smoke  flame  retardant  polyolefin  is  shown  in 
Table  3.  The  difference  between  these  two  formulations  in  the  use 
of  a  surface  treated  talc  and  the  addition  of  -0.1  %  of  an  iron 
compound  such  as  ferric  oxide. 


Table  3.  Low  smoke  FR-polyolefins  formulations  for 
W&C 


Component 

Weight  % 

Polyolefin 

45-60 

Halogenated  Additive 

15-25 

Antimony  Oxide 

5-10 

Iron  Compound 
(Ferric  Oxide) 

~0.1 

Surface  Treated  Talc 

5-25 

International  Wire  &  Cable  Symposium 


414 


Proceedings  of  the  51st  IWCS 


Table  4  gives  the  NBS  smoke  data  for  FR-polyethylene  and  FR- 
EVA  using  the  low  smoke  technology.  The  Ds  @  4  minutes  for 
the  formulations  using  the  chlorinated  flame  retardant  CA-1  is 
230  and  216.  The  values  using  the  brominated  flame  retardants 
are  greater  that  500  at  4  minutes,  this  is  also  using  the  low  smoke 
technology.  While  the  Ds  at  4  minutes  for  the  CA-1  formulations 
dropped  over  200  when  using  the  low  smoke  technology,  the 
brominated  flame  retardants  only  dropped  about  a  100,  and  the  Ds 
at  4  minutes  are  still  above  500. 


Table  4.  Low  smoke  FR-polyolefins 
Br  FR  versus  Cl  FR 


Polvmer 

FR 

Ds  (a),  4  Min. 

Dmax 

PE 

CA-1 

230 

310 

BA-1 

597 

658 

BA-2 

501 

535 

EVA 

CA-1 

216 

343 

BA-1 

679 

740 

BA-2 

507 

606 

Table  5  shows  typical  FR-EPDM  formulations 
using  the  different  flame  retartdants.  The  low 
smoke  formulations  are  show  in  Table  6.  There 
are  only  minor  changes  in  the  formulations. 
The  most  important  is  the  use  of  a  zinc  sterate 
coated  talc  and  the  addition  of  0.05  of  an  iron 
compound,  such  ferric  oxide. 


Table  5.  Typical  FR  EPDM  formulations 
each  contains  13.9%  FR 


Component 

CA-1 

BA-1 

BA-2 

EPDM 

38.2 

38.2 

38.2 

Sb203 

5.1 

5.1 

5.1 

Polyethylene 

8.4 

8.4 

8.4 

Others  (zinc  oxide, 

9.1 

9.1 

9.1 

Stabilizer,  Paraffin  wax, 

Antioxidant,  Coupling 

agent,  Peroxide) 

Clay 

25.3 

25.3 

25.3 

Table  6.  Typical  FR  low  smoke  EPDM  formulations 
each  contains  13.9%  FR 


Component 

CA-1 

BA-1 

BA-2 

EPDM 

38.2 

38.2 

38.2 

Sb203 

5.1 

5.1 

5.1 

Polyethylene 

8.4 

8.4 

8.4 

Others  (zinc  oxide, 

9.1 

9.1 

9.1 

Stabilizer,  Paraffin  wax. 

Antioxidant,  Coupling 

agent.  Peroxide) 

Talc  (Zinc  Stearate 

25.3 

25.3 

25.3 

Coated 

Iron  Compound 

0.05 

0.05 

0.05 

The  NBS  smoke  numbers  for  the  formulations  in  Table  6  are 
listed  in  Table  7.  The  Ds@  4  minutes  for  the  chlorinated 
formulation  containing  CA-1  is  295  while  the  brominated  flame 
retardants  give  values  about  500.  BA-1  gives  a  Ds  @  4  minutes 
of  686  while  the  formulation  using  BA-2  has  a  value  548. 


Table  7.  Low  smoke  FR-EPDM  formulations 
Br  FR  versus  Cl  FR  (NBS  data) 


Polvmer 

FR 

Ds  (a).  4  Min. 

Dmax 

EPDM 

CA-1 

295 

385 

BA-1 

686 

713 

BA-2 

548 

606 

Table  8  is  the  summary  of  the  four  different  resins  evacuated  in 
our  study.  The  NBS  @  4  minutes  is  compared  for  the  normal 
formulation  using  CA-1  and  the  low  smoke  formulations  using 
CA-1  with  the  low  smoke  technology. 

Table  8.  Smoke  generation  from  FR-polyolefins  (NBS) 
Ds  @  4  minutes 


CA-1 

CA-1  Low  Smoke 

Polvmer 

FR 

LS-FR 

XLPE 

525 

230 

EVA 

430 

216 

EPDM 

321 

295 

EEA 

510 

151 
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Table  9  gives  the  results  of  the  tests  for  dioxin  formation  in 
different  resins. 

Table  9.  Results  of  dioxin  testing  in  CA-1 
formulations 


Figure  4  shows  the  corrosivity  of  HBr  and  HC1  are  similar.  HC1  is 
no  worse  than  HBr.  HBr  will  corrode  as  much  as  HC1. 


DIOXIN  FORMATION 
CA-1  Formulations  Tested  for 
Dioxin  Formulation: 

•  Polypropylene 

•  Nylon 

•  HIPS 

No  Regulated  Chlorodibenzodioxins  or 
Furans  Were  Detected 


Figure  3  shows  the  summary  of  the  smoke  generation  for  FR- 
polyolefin  compositions  comparing  brominated  flame 
retardants  to  chlorinated  flame  retardants,  using  both  now  FR 
formulations  and  FR-low  smoke  formulations.  In  all  cases,  Cl 
based  flame  retardants  give  less  smoke  than  the  Br  based  flame 
retardants. 


Figure  4.  Corrosivity  of  HBr  versus  HCI 


Time  in  Minutes 


Figure  3.  Smoke  generation  FR  polyolefin 
compositions.  Summary  low  smoke  formulations 
versus  normal  FR  formulations  and  Br  versus  Cl 
formulations 


Figure  5  shows  halogen  halide  generation  in  some  FR-wire  and 
cable  formulations.  Using  CA-1  only  0.5  of  the  CA-1  comes  off 
as  HCI.  With  BA-1  at  the  flame  retardant,  4%  of  the  BA-1  comes 
off  as  HBr.  In  PVC,  and  of  the  Cl  comes  off  as  HCI  when  that 
sample  is  burned. 


The  samples  were  burned  in  NBS  smoke  chamber  under  flaming 
combustion  conditions.  Smoke  was  monitored  continuously 
during  the  test.  The  chamber  was  modified  by  installation  of  a 
teflon  tube  through  the  box  wall,  which  allowed  sampling  from 
the  geometric  center  of  the  box.  Samples  were  withdrawn  at  the 
desired  time,  generally  at  Dmax  and  after  20  minutes  of  test.  The 
sample  was  drawn  into  a  one-liter  syringe  and  evacuated  into  a 
500  ml.  water  trap  to  retain  all  volatile  halides.  The  halide  was 
determined  my  use  of  a  Diomex  Model  10  Ion  Chromatograph  in 
multiple  analyses. 
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Conclusions 

•  Chlorinated  flame  retardants  generate  less  smoke  than 
brominated  flame  retardants. 

•  Corrosively  between  HBr  and  HC1  is  similar. 

•  In  flame  retardant  wire  and  cable  formulations  using  CA-1 
and  BA-1,  both  produce  similar  levels  of  HC1  or  HBr  when 
burned. 

•  FR-Polyolefms  using  the  chlorinated  flame  retardant  can 
generate  less  smoke  by  using  a  talc  (zinc  stearate  coated)  and 
a  iron  compound) 
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Abstract 

Numerous  lead-sheathed  cables  serve  as  the  primary  carriers  of 
communication  signals  over  twenty  years  at  an  outside  plant  in 
Taiwan.  Corrosion  of  externally  unprotected  lead-sheathed  cables 
in  aggressive  flooded  manhole  environments  has  long  been  a 
serious  problem.  Corrosion  of  lead-sheathed  cables  in  manhole’s 
environments  causes  a  reduction  of  lead  sleeve  thickness  in  the 
cable  sheaths,  and  when  the  reduction  equals  the  extreme  value  of 
the  lead  sleeve  thickness,  failure  occurs.  Repair  and  replacement 
costs  are  expensive.  At  the  request  of  the  Chunghwa 
Telecommunication  Company  (CHT),  a  non-destructive  method 
of  applying  zinc  sacrificial  anode  cathodic  protection  (CP)  to  in  - 
situ  lead-sheathed  cables  has  been  undertaken.  In  addition  to  the 
reliability,  such  factors  as  the  manhole’s  environmental  hazard  of 
lead  were  also  analyzed. 

Keywords 

Lead-sheathed  cable;  cathodic  protection. 

1.  Introduction 

The  underground  communication  cable  system  consists  of  various 
cables,  closures,  and  supporting  hardware  in  nonmetallic  conduits 
and  pre-cast  concrete  manholes.  The  currently  underground 
communication  cable  system  at  CHT  in  Taiwan  is  composed  of 
lead-sheathed  and  fiber  optic  cables.  Although  new  installations 
are  mostly  fiber  optic  cables,  the  lead-sheathed  cables  are  still  the 
primary  carriers  of  communication  signals  at  CHT.  These  cables 
were  covered  with  lead  and  lead  sleeves  covered  the  connections 
of  wire  pairs  or  coaxial  tubes  at  the  junction  of  two  cables.  Most 
of  lead-sheathed  cables  were  installed  at  least  twenty  years  ago. 
The  underground  communication  cable  system  has  over  ten 
thousand  manholes  and  hand-holes.  At  each  manhole,  all  the 
lead-  sheathed  cables  are  bonded  to  a  copper  grounding.  Most  of 
manholes  are  frequently  flooded  and  both  the  cables  and  their 
connectors  are  always  immersed  in  the  underground  water.  The 
lead  and  lead  sleeves  in  the  manhole  that  corroded  mainly  by  the 
stray  DC  at  mass  rapid  transit  system  and  electric  rail 
transportation  system.  The  other  corrosion  factors  include 
galvanic  action  effect  [1],  differential  aeration  cell  reaction, 
corrosive  chemicals  and  bacteria  that  can  lead  to  failures  [2]. 
Despite  lead  is  highly  corrosion  resistant,  lead-sheathed  cables 
also  corrode  at  stray  DC  pickup  point  and  in  some  strongly 
corrosive  manholes  water  even  after  long  time  of  service, 


corrosion  phenomenon  began  to  occur  in  lead  sleeve  from  near 
the  mass  rapid  transit  system  in  1998  and  is  shown  in  Fig.l. 
Corrosion  of  lead  sleeve  causes  a  reduction  of  its  wall  thickness  in 
the  cable  sheaths.  Corrosion  would  have  resulted  in  the  thinning 
of  lead  sheath  in  localized  area,  when  the  reduction  equals  the 
extreme  value  of  original  wall  thickness,  failure  occurs  [3-5].  The 
frequency  of  the  failures  accelerated,  and  at  this  point,  it  was 
decided  to  install  a  zinc  sacrificial  anode  to  protect  lead-sheathed 
cables  from  corrosion  by  cathodic  protection.  Zinc  has  long  been 
a  widely  used  as  a  sacrificial  galvanic  anode  for  the  protection  of 
pipelines,  conduits  and  other  buried  structures. 


Fig.l  Uniform  and  pitted  corrosion  of  lead  sleeve  near  a 
mass  rapid  transit  system  from  CHT  lead-sheathed  cable  in 
the  manhole. 

2.  Experimental 

Although  there  are  different  anode  materials  used  for  underground 
applications  of  cathodic  protection,  each  material  has  unique 
characteristics  that  influence  its  performance  in  a  given 


International  Wire  &  Cable  Symposium 


418 


Proceedings  of  the  51st  IWCS 


environment.  These  performance  characteristics  vary  from  one 
environment  to  the  next  and  must  be  examined  for  each 
application  [6].  The  principle  of  cathodic  protection  can  be 
explained  by  the  electrochemical  polarization,  as  shown  in  Fig.  2 
[7].  As  can  be  seen  from  Fig.2,  the  natural  open  circuit  potential 
of  sacrificed  anode  has  lower  value  than  that  of  the  protected 
anode  (Ea),  in  Fig.2,  where  Ecorr  =  corrosion  potential,  Ea= 
equilibrium  potential,  Eh=  polarization  potential,  lCOTT=  corrosion 
current,  Iapp=applied  current,  Ih=  polarization  current.  For  zinc  as 
a  sacrificial  anode,  the  primary  anodic  reaction  is  normally  the 
oxidation  of  zinc  (Ea”C  line ): 

Zn  — »  Zn2+  +  . 0) 

In  an  aerated  manhole’s  environment,  the  cathodic  reaction  is 
controlled  by  reduction  of  the  dissolved  oxygen  (Ecorr  -  C  line): 

l/202+  H20  +  2e'  20H' . (2) 

The  open  circuit  potential  (OCP,  Ecorr.)  of  zinc  sacrificial  anode  is 
more  negative  than  that  of  lead  sleeve  for  cathodic  protection. 
According  to  the  Nemst  equation  of  the  equilibrium  potential  of 
lead  (Epb)  in  aqueous  solution: 


Fig.2.  The  polarization  diagram  of  cathodic  protection. 

EPb  =  EPb°  +  (RT/nF)  In  [M2+] . (3) 

Where 

Epb:  equilibrium  potential  EPb0  =-0.1 24V 
R:  gas  constant  n:  number  of  oxidation  state 
F:  Faraday  constant  RT/F  =  0.0257  V  at  25°C 
[M2+]:  metallic  ion  concentration  (activity) 

A  value  EPb  <  -0.545  V  is  currently  being  considered  as  the 
maximum  allowable  potential  for  lead  sleeves  is  shown  in  Fig. 3. 
According  to  the  Pourbaix  diagram  of  lead,  it  is  seen  that  lead  will 
become  thermodynamically  unstable  at  about  —2.4  V  and  begin  to 
corrode  by  the  formation  of  lead  hydride  [8]. 

The  zinc  anode  composition  used  in  this  paper  is  given  in  Table  1. 
The  zinc  anode  specimens  were  prepared  in  dimension  of  10  x  3.5 
x  3.0.  The  test  conditions  are  given  in  Table  2.  At  each  manhole, 
the  zinc  anode  with  a  copper  wire  was  soldered  onto  the  lead 
sheath  to  provide  an  electrical  connection.  The  zinc  anode  then 
fixed  with  a  cable  tie.  The  lead  sheath  without  zinc  anode 
protection  in  each  manhole  was  compared.  A  small-scale  field 
trial  of  the  zinc  sacrificial  anode  protection  was  undertaken. 


Fig.3.  The  Pourbaix  diagram  for  lead  [8]. 


Table  1.  Zinc  anode  composition  (wt%) 


Element 

Wt% 

Zn 

Bal. 

A1 

0.01 

Fe 

0.02 

Sn 

0.007 

Table  2.  Test  conditions  of  field  and  simulated 
hazard  manholes  environments _ 


Solution 

pH 

Corrosion  potential  (mV  vs.  SCE) 

Underground  water 

6.9 

-640 

Salt  water  (NaCl) 

6.7 

-850 

Strong  acid  (HC1) 

1.2 

-855 

The  field  experimental  setup  is  shown  in  Fig.  4.  The  cables  are 
internally  pressurized  with  air  at  14.7  psi.  Pressure  transducers 
are  used  to  detect  the  perforation  of  the  sheaths  by  corrosion  and 
other  damages  as  well. 


Fig.4.  The  setup  of  a  zinc-sacrificed  anode  soldered  onto  the 
lead  sheath. 

The  anode  potential  was  measured  using  a  multimeter  (DM1250, 
registered  trade  name,  Taiwan)  and  a  saturated  calomel  electrode 
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(SCE)  was  located  directly  over  the  anode.  In  the  laboratory,  the 
potentiodynamic  polarization  experiments  were  carried  out  using 
a  computerized  corrosion  measurement  system  (Model  273 A, 
EG&G  Princeton  Applied  Research,  U.S.A.)  and  the  scan  rate 
was  set  at  1  mV/sec.  In  addition,  impedance  measurements  were 
performed  with  an  EG&G  273A  potentiostat  outfitted  with  option 
92  and  a  Schlumberger  1255  frequency  response  analyzer  (FRA). 
Sinusoidal  potentials  of  10  mV  around  the  open-circuit  potential; 
ranging  in  frequency  from  100  kHz  -  0.01  Hz,  were  applied  to  the 
working  electrode. 

3.  Results  and  Discussion 

3.1  AC  impedance  measurement 

Because  most  manholes  are  frequently  subject  to  flooding,  the 
lead-sheathed  cables  are  always  submerged  in  the  underground 
water.  In  order  to  simulate  the  corrosion  behavior  of  bare  lead- 
sheathed  cable  (without  CP)  in  the  manhole’s  water,  ac 
impedance  measurements  in  terms  of  Bode  plot  in  various 
environments  is  shown  in  Fig.  5,  in  which  the  impedance  of  lead- 
sheathed  is  ~  5  x  10s  ohm. cm2  in  manhole’s  water  ;  ~  1  x  104 
ohm  .cm  in  the  salty  water  simulating  the  manhole’s  environment 
near  the  coastal  area;  and  ~4  x  103  ohm.cm2  in  the  strong  acid  of 
HC1,  (pH=1.2).  Such  results  indicated  that  the  corrosion  rate  of 
lead-sheathed  cable  without  CP  increased  significantly  in  the 
presence  of  strong  corrosive  chemicals  in  the  manhole. 


Fig.5.  AC  impedance  measurement  of  lead-sheathed  cable 
without  CP  in  the  CHT  manhole  water  and  simulated  severe 
environments. 

Fig. 6  shows  the  Bode  plot  of  the  lead-sheathed  cable  with  and 
without  CP  in  the  salty  water  and  hydrochloric  acid.  The 
corrosion  impedance  of  cable-sheathed  cable  with  CP  (~5  x  104) 
in  the  strong  acid  solution  is  ~  50  times  higher  than  that  of  lead- 
sheathed  cable  without  CP  (~1  x  103).  The  CP  effect  for  the 
lead-sheathed  cable  in  the  strong  acid  is  more  obvious  than  in  the 
salty  water.  Judging  from  the  appearance  of  lead-sheathed  cable 
without  CP  after  immersed  in  the  hydrochloric  acid  for  lOOh 
indicates  that  a  severe  corrosion  problem  took  place,  as  shown  in 
Fig.7. 


10'1  10*  10*  10"  101  10?  10'  10*  10s  10" 
f(Hz) 


Fig.6.  AC  impedance  measurement  of  lead-sheathed  cable 
with/without  CP  protection  tested  in  salt  water  and  in 
hydrochloric  acid  solution. 

•:  without  CP  in  salty  water  O:  with  CP  in  salty  water 
▲:  without  CP  in  HCI  (aq)  A:  with  CP  in  HCI  (aq) 


Fig.7.  Visual  examination  of  lead-sheathed  cable  with  CP  (left) 
and  without  CP  (right)  after  immersing  in  the  hydrochloric  acid 
for  100  hours. 


3.2  Potentiodynamic  polarization 

Fig. 8  shows  the  results  of  the  polarization  curve  of  lead-sheathed 
cable  tested  in  various  conditions.  The  corrosion  current  density 
of  the  lead-sheathed  cable  in  hydrochloric  acid  is  33.06  jz  A/cm2 
and  is  0.28  y  A/cm2  in  the  manhole’s  water.  For  result  of  lead- 
sheathed  cable  in  the  salty  water,  a  rapid  increase  in  current 
density  after  breakdown  of  the  passivity  by  Cl  occurring  locally 
rather  than  generally  on  the  surface  of  lead-sheathed.  This 
behavior  can  be  explained  from  the  polarization  curve  of  noble 
metal  formed  pit  corrosion  in  the  chloride  containing  solution  [9]. 

3.3  Potential  measurement 
3.3.1  Laboratory  tests 

CP  investigations  and  major  results  are  based  primarily  on  the 
corrosion  potential  monitoring.  A  value  Ea£  -0.545  V  (vs.  SCE) 
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is  currently  being  considered  as  the  maximum  allowable  potential 
for  lead  sleeves.  The  corrosion  potential  for  the  lead-sheathed 
cable  tested  in  different  conditions  in  the  laboratory  is  shown  in 
Fig.9.  The  lead-sheathed  cable  potentials  initially  decreases  to 
values  below  -545  mV  cathodic  protection  level  after 
approximately  6  days  until  a  steady  state  potential  was  achieved 
when  immersed  in  salty  water  and  in  hydrochloric  acid.  The 
stable  Ecorr.  potentials  for  the  lead-sheathed  cables  are  -0.75  V,  - 
0.93  V  and  -0.97  V,  respectively,  when  they  were  separately 
immersed  in  the  manholes  water,  salty  water  and  hydrochloric 
acid. 

The  lead-sheathed  cable  has  a  higher  potential  in  the  initial  stage 
(6  days)  in  the  manhole’s  water  may  be  caused  by  the  anodic 
polarization  of  the  sacrificed  zinc  anode.  The  reason  for  having 
lower  potential  of  lead-sheathed  cable  in  the  salty  water  and 
hydrochloric  acid  mainly  owing  to  both  solvents  with  lower 
electric  resistance,  and  lower  the  degree  of  polarization  of  the 
sacrificed  anode. 


Corrosion  current  density  (log  1,  A/cm2) 

Fig.8.  Polarization  curve  of  lead-sheathed  cable  tested  in  the  CHT 
manhole  water,  salt  water  and  hydrochloric  acid  solution. 


Fig.9.  Potential  (vs.  SCE)  variation  of  lead-sheathed  cable  with 
CP  in  the  laboratory  test. 

A:  Cathodic  potential  of  Pb  (-0.545  V) 

■:  Manhole  water  (-0.75  V) 

A:  Salty  water  (-0.93V) 

#:  Hydrocholric  acid  (pH=1.2,  -0.97  V) 

3.3.2  in-situ  tests 

A  number  of  well-controlled  laboratory  tests  has  been  conducted 
to  determine  the  effects  of  CP  on  the  lead-sheathed  cable.  On  the 
other  hand,  a  small-scale  field  trial  of  the  proposed  CP  system 
was  undertaken.  One  of  the  early  tests  was  set  up  at  number  AC20 


manhole,  Taipei.  In  situ  corrosion  potential  for  the  lead-sheathed 
cable  with  and  without  CP  after  they  were  immersed  in  the  field 
manhole’s  environment  and  compared  with  in  the  laboratory  test 
change  with  time,  as  shown  in  Fig.  10. 


Fig.  10.  Corrosion  potential  vs.  time  for  the  field  test  and 
laboratory  test  in  manhole  water. 

■:  Lab.  test  with  CP  ♦:  Lab.  test  without  CP 

O  Field  test  without  CP  A:  Field  test  with  CP 

#:  CP  potential  of  Pb 

Fig.  10  shows  that  the  zinc-sacrificed  CP  system  was  effective  in 
protecting  lead-sheathed  cable  from  corrosion  wherever  in 
laboratory  or  in  field  test.  The  potential  differences  in  the  lead- 
sheathed  cable  without  zinc  sacrificed  CP  system  wherever  in 
laboratory  or  in  field  test  at  least  is  300  mV  higher  than  that  of  the 
one  with  CP  system.  The  zinc-sacrificed  anode  CP  system  can 
lead  the  lead-sheathed  cable  to  the  immunity  domain.  The 
corrosion  potential  of  lead-sheathed  cable  in  the  manhole  has  a 
tendency  to  positive  direction  was  also  observed.  This 
phenomenon  could  be  explained  from  the  effect  of  coverage 
material  on  the  lead-sheathed  cable  composing  of  mud,  oil, 
bonding  metal  etc. 

4.  Conclusions 

•Because  of  easy  installation  and  low  cost  for  maintenance  of  the 
existing  lead-sheathed  cable,  the  zinc-sacrificed  anode  cathodic 
protection  system  has  been  extensively  used  in  manhole 
environments  of  the  telecommunication. 

•Based  on  the  laboratory  and  field  tests,  the  zinc-sacrificed  anode 
cathodic  protection  system  can  lead  the  lead-sheathed  cable  to 
the  immunity  domain.  The  zinc-sacrificed  cathodic  protection 
system  has  been  proved  to  be  effective  in  protecting  lead- 
sheathed  cable  from  corrosion . 

•The  reliability  of  the  communication  network  in  the  manhole 
system  at  CHT  based  on  the  lead-sheathed  cables  can  be 
significantly  enhanced  by  restoring  the  zinc-sacrificed  anode 
cathodic  protection  system. 
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Abstract 

In  this  paper,  we  report  and  describe  the  derivation  of  an  analytical 
approach  for  the  calculation  of  the  input  impedance  of  a  non¬ 
identical  cascaded  network  of  sn’  discrete  components  based  on 
knowing  the  propagation  constant  and  the  characteristic 
impedance  of  each  component.  These  parameters  may  be  obtained 
analytically  or  experimentally  in  a  complex  form.  The  developed 
equation  allows  the  study  of  the  effects  of  network  irregularity, 
load  impedance  mismatching  and  the  mismatching  of  the 
impedance  of  cascaded  segments  of  the  whole  network.  It  is  then 
applied  to  calculate  the  impedance  of  a  multi-segment 
communication  channel  at  a  range  of  frequencies  and  validated 
against  a  standard  equation. 

Keywords 

Cascaded  Networks;  Communication  Channels;  Communication 
Cables;  Characteristic. 

1.  Introduction 

Many  constrains  may  be  added  to  designers  and  engineers  working 
on  high  frequency  circuits,  such  as  VLSI  circuits  [1]  and 
communication  channels,  with  the  increasing  demand  for  high 
frequency  communication  channels  to  cope  with  very  high  data  rate 
transfer,  and  high  frequency  circuits.  Hence,  the  effect  of  impedance 
mismatches  between  elements  of  the  cascaded  network  and  the 
mismatching  of  the  channel  termination  on  the  performance  of  such 
networks  and  circuits  needs  to  be  investigated. 

Communication  channels  may  include  very  long  cables,  in  which 
case  the  impedance  of  the  cable  measured  at  any  point  along  the 
cable  is  not  constant  and  depends  on  local  variations  of  dimensions, 
such  as  tolerance  in  copper  diameter  and  dielectric  thickness,  and 
material  properties.  Figure  1  illustrates  the  measured  characteristic 
impedance  along  a  cable  as  a  function  of  the  distance  between  the 
near  end  of  the  cable  and  the  point  of  measurement.  Measurement 
of  the  characteristic  impedance  of  three  different  cables  of  10  m 
length  are  shown.  This  longitudinal  variation  has  a  great  effect  on 
the  overall  system  parameters,  including  the  input  impedance  and 
hence  on  the  overall  performance  of  the  cascaded  system  or 
channel.  In  addition  to  that,  the  use  of  connectors  of  different 
impedance  values  and  different  propagation  constant  produces  an 
unethical  performance  of  the  communication  system. 
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Figure  1.  Measured  Characteristic  impedance 
of  3  different  cables  of  10  m  length. 

Previous  work  [2]  presented  the  calculation  of  the  overall  return  loss 
of  a  communication  channel  consisting  of  many  cascaded  segments 
and  the  calculation  of  the  overall  attenuation  losses  of  cascaded 
systems  [3].  In  this  paper,  the  work  has  been  extended  to  develop  a 
similar  approach  for  the  prediction  of  the  input  impedance,  Zh  of  a 
network  containing  any  number  of  elements,  n.  The  developed 
equation  is  also  a  function  of  the  impedance  of  every  element,  Z0, 
the  physical  length  of  the  element,  /,  the  propagation  constant,  y  and 
the  frequency  of  the  transmitted  signal,/ 

As  the  developed  equation  relies  only  on  the  impedance  and 
propagation  constant  values  of  the  cascaded  network  elements,  it 
can  be  used  for  analysis  of  channels  containing  any  type  of  cables 
such  as,  STP,  UTP  and  FTP  cables.  Since  the  new  equation  predicts 
the  overall  input  impedance  of  any  cascaded  system,  it  can  also  be 
used  for  the  prediction  of  the  overall  return  loss  and  structural  return 
loss  of  such  cascaded  system  when  connected  to  a  source  with 
known  source  impedance.  The  developed  equation  is  then  used  for 
the  prediction  of  the  input  impedance  and  the  return  loss  of  different 
cascaded  systems.  Results  obtained  are  compared  with  those 
obtained  using  a  traditional  (but  more  cumbersome)  analytical 
solution.  These  comparisons  confirm  the  validity  of  the  derived 
equations.  The  next  section  discusses  the  traditional  approach  of 
calculating  the  overall  input  impedance  of  cascaded  systems. 
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2.  Traditional  Approach 

A  regular  (perfect)  cable  of  impedance,  Zol,  may  be  terminated  at 
the  far  end  with  a  load  of  impedance,  Z;,  as  shown  in  Figure  2, 
where  //  and  y,  are  the  physical  length  in  meter  and  the 
propagation  constant  of  the  cable  respectively. 


of  those  connectors  and  cables  is  suffering  irregularity  or 
deformation  as  a  result  of,  tolerance  in  dimensions,  production 
process  or  bad  handling  effect  [5].  In  this  case  the  new  developed 
approach  described  in  this  paper  is  more  appropriate  for  the 
calculation  of  the  input  impedance  of  such  system. 


P 


Figure  2.  Schematic  diagram  of  a  single  cable 
of  impedance  Z0l  terminated  with  load  Z, 


For  such  a  simple  channel  the  input  impedance,  Z„  of  the  channel 
is  given  using  a  traditional  approach  as  described  in  [4]  as: 

2-  -  z  zl  C0sh(r///)  +  Zo7  sinhQ///) 

Z0Jcosh(/jlj)  +  Z[  sinh(y jlj)  ^ 

The  input  impedance  of  Figure  1  can  also  be  obtained  in  term  of 
the  reflection  coefficient,  p  =  (V/  V),  at  the  load  end  as: 


1  +  p  -  e  2Yil i 

1 -  p.e~2r  ih 


(2) 


where  V  and  V  are  the  reflected  and  the  incident  voltages  at  the 
load  end  respectively.  In  this  case  the  reflection  coefficient  can  be 
obtained  as  function  of  both  load  impedance  and  cable  impedance 
as: 


P  = 


Z/  ~  Zo/ 

Z  i  +  Zo  i 


(3) 


The  reflection  coefficient  given  in  equation  3  can  either  be 
measured  or  calculated  using  the  complex  form  of  the  impedance 
values.  For  simple  and  regular  communication  channels,  this 
operation  is  straightforward.  The  difficulty  arises  when  a  number  of 
other  elements  such  as  connectors  and  more  than  one  cable  of 
different  characteristic  impedance,  as  illustrated  in  figure  1,  are 
present  in  the  network.  It  will  also  be  more  difficult  if  one  or  more 


3.  New  Approach  Derivation 

A  general  cascaded  system  containing,  n,  elements  can  be  illustrated 
using  the  two  port  network  principles,  as  shown  in  Figure  3. 


2,  : 

P 


Figure  3.  Schematic  diagram  of  a  cascaded 
network  containing  n  segments  and  terminated 
with  load. 

The  input  impedance  of  such  circuit  can  be  obtained  using  equation 
1.  In  this  case,  looking  to  the  right  side  of  the  network  input 
impedance  at  the  connection  (n-1)  between  the  load  and  the 
segment  connected  to  the  load  can  be  obtained.  This  value  should 
be  considered  as  a  load  connected  to  the  rest  of  the  circuit  at 
connection  node  ( n-2 ).  Repeating  this  process  for  as  many  segments 
as  included  in  the  network,  the  overall  input  impedance  of  the 
cascaded  system  can  be  obtained. 


Another  approach  is  to  measure  the  reflection  coefficient  at  the 
connection  point  (/)  between  the  1 9  and  the  2nd  segments  of  the 
network.  The  obtained  value  can  then  be  used  to  calculate  the  input 
impedance  of  the  network  using  equation  2.  Due  to  many 
difficulties  that  may  interfere  with  the  measurement  process  and  the 
measuring  devices,  we  propose  our  approach  to  calculate  the 
reflection  coefficient  as  function  of  impedance  and  propagation 
coefficient  values  of  all  cascaded  segments  of  the  network. 


Following  a  similar  approach  described  in  [2]  and  [3]  and  using  the 
relations  between  incident,  transmitted  and  reflected  voltages  at  the 
connection  between  segments  along  the  network,  the  reflection 
coefficient  at  the  connection  between  both  lfl  and  2nd  segments  of 
the  network  can  be  obtained  as  in  equation  4. 


Substituting  equation  4  in  equation  2,  the  overall  input  impedance 
of  the  whole  network  can  then  be  given  as  in  equation  5. 
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Z°k+1  Zofc 


(4) 


where,  Zok  is  the  impedance  of  the  kfh  segment  and,  where  k  =  n, 
Zok+1  is  the  load  impedance,  Zh  It  should  be  mentioned  here  that 
replacing  the  load  impedance  by  an  open  circuit  or  short  circuit, 
the  reflection  coefficient  of  equation  4  can  be  obtained,  and  hence 
the  input  impedance  of  the  system  under  such  termination 
conditions  can  be  obtained.  Using  both  calculated  values  of  the 
input  impedance  under  short  and  open  circuit  conditions,  the  input 
impedance  of  the  network  under  a  matching  load  condition  can 
also  be  obtained  using  the  following  equation: 


where,  Zioc  and  Zisc  are  the  input  impedance  values  of  the  overall 
network  obtained  under  open  circuit  and  short  circuit  load 
termination  respectively. 

4.  Equation  Validation 

To  validate  the  developed  equation,  the  input  impedance  of  seven 
segments  communication  channel  connected  as;  {connector  1 
(lcm),  patch  cable  1  (lm),  connector  2  (1  cm),  horizontal  cable 
(10m),  connector  3  (1cm),  patch  cable  2  (lm),  and  connector  4 
(1cm)}  is  calculated.  All  the  segments  have  the  same  dimensions 
and  hence  resulting  in  similar  characteristic  impedance.  The 
network  is  connected  to  matching  source  impedance  and  terminated 
with  matching  load.  The  dimensions  of  the  cascaded  cables  are: 

D  =  0.94  mm  is  the  distance  between  the  centres  of  the  cable 
conductors. 

r  =  0.53  mm  is  the  radius  of  each  cable  conductor. 


Frequency  (Hz) 
OOO  new  approach 
-  traditional  approach 


Figure  4.  Input  impedance  of  7  segments 
network  validated  against  the  traditional 
approach  of  equation  1. 


Frequency  (Hz) 

OOO  new  approach 
-  traditional  approach 

Figure  5.  Phase  of  the  impedance  illustrated 
in  figure  4 


These  cable  dimensions  resulted  in  an  impedance  value  of  96.7  Q. 
The  input  impedance  of  this  network  was  also  calculated  using  the 
traditional  approach  of  equation  1.  Both  amplitude  and  phase  of  the 
impedance  values  are  plotted  in  figures  4  and  5  respectively  as 
function  of  the  frequency  of  operation  f.  Both  figures  illustrate  an 
excellent  agreement  between  both  sets  of  results  obtained  using  the 
traditional  approach  and  the  new  developed  approach. 


5.  Application  and  Results 

To  illustrate  the  performance  of  the  new  equation,  it  is  used  for  the 
calculation  of  the  input  impedance  of  irregular  7-segment  system 
discussed  earlier.  To  simplify  the  calculations,  circular  cross  section 
connectors  are  used.  Dimensions  of  each  connector  are;  D  =  0.85 
mm  and  r  =  0.46  mm,  while  dimensions  of  each  patch  and  horizontal 
cable  are;  D  =  0.87  mm  and  r  =  0.55  mm  is  the  radius  of  each  cable 
conductor.  The  length  of  each  conductor  is  1  cm,  the  length  of  each 
patch  cable  is  1  m  and  the  length  of  the  horizontal  cable  is  10  m. 
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The  lay  length  of  each  cable  is  20  mm  and  is  taken  into  account  for 
the  calculation  of  the  input  impedance.  Those  dimensions  resulted 
in  impedance  of  100.7  Q  of  each  connector  and  84.93  Q  of  each 
cable.  The  system  is  connected  to  a  source  of  100  Q  impedance  and 
terminated  with  similar  load  impedance.  Both  amplitude  and  phase 
of  the  input  impedance  of  overall  system  is  calculated  and  plotted  as 
function  of  the  frequency  of  operation  as  illustrated  in  figure  6  and  7 
respectively. 


Frequency  (Hz) 
OOO  nett’  approach 

traditional  approach 


Figure  6.  Impedance  amplitude  of  a  7 
segment  irregular  system  calculated  using 
both  traditional  and  new  approach. 


Frequency  (Hz) 

000  new  approach 

traditional  approach 

Figure  7.  Phase  of  the  impedance 
illustrated  in  figure  6. 

Further  validation  can  be  achieved  by  using  the  new  equation  for 
the  calculation  of  the  input  impedance  using  open  circuit 
terminations.  Both  traditional  and  new  approaches  are  used  to 
validate  the  developed  equation.  Again  amplitude  and  phase  of  the 
input  impedance  are  calculated  and  plotted  as  function  of  the 
frequency  of  operation  as  illustrated  in  figures  8  and  9  respectively. 

Furthermore,  the  new  equation  is  used  for  the  calculation  of  the 
input  impedance  of  irregular  system  of  a  100  m  horizontal  cable, 
using  both  equation  6  where  short  and  open  circuit  terminations  are 
used  and  using  a  matched  load  termination.  Results  are  obtained  for 
the  same  dimensions  described  earlier.  Amplitude  and  phase  are 
both  calculated  and  plotted  as  illustrated  in  figures  10  and  11 
respectively. 


Frequency  (Hz) 
OOO  new  approach 

traditional  approach 


Figure  9.  Phase  of  the  impedance 
illustrated  in  figure  8. 


Frequency  (Hz) 

OOO  matching  termination 

open  and  short  circuit  termination 


Figure  10.  Amplitude  of  the  input  impedance 
where  a  100-m  cable  is  used  obtained  using 
the  new  equation  and  using  matching  and 
open  and  short  circuit  terminations. 
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Frequency  (Hz) 

OOO  matching  termination 
-  open  and  short  circuit  termination 

Figure  11.  Phase  of  the  impedance 
illustrated  in  figure  10. 


Results  obtained  here  illustrate  the  need  to  the  development  of  such 
effective  approach  rather  than  using  an  iterative  approach  that  can 
be  computationally  costly  as  the  number  of  segments  in  the 
cascaded  system  is  getting  bigger.  It  should  also  be  mentioned  here 
that  the  input  impedance  obtained  here  can  be  used  for  the 
calculation  of  the  return  loss  of  the  system  using  equation  28  of 
reference  [2]. 

6.  Conclusions 

The  calculation  of  the  input  impedance  of  any  cascaded  network, 
such  as  communication  channel,  can  be  achieved  using  an  efficient 
and  very  simple  equation  presented  here.  The  developed  equation 
allows  the  direct  calculation  of  input  impedance  without  requiring 
the  iterative  calculations  of  current  traditional  equation  (1).  The  new 
equation  (4)  can  readily  provide  the  reflection  at  any  interface  along 
the  cascaded  network.  The  performance  of  the  new  equation  is 
illustrated  by  applying  it  to  different  illustrative  channels  with 
different  terminations,  different  dimensions  and  different  length  of 
the  horizontal  cable.  Excellent  agreement  was  achieved  between 
results  obtained  using  the  traditionally  used  approach  and  the  new 
developed  equation.  The  new  equation  performs  equally  well  with 
any  number  of  segments  and  at  any  frequency  of  operation.  It  also 
performs  well  for  any  load  termination  and  can  be  applied  to  any 
structured  cabling  installation  containg  UTP ,  FTP  and  STP  cables. 
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Abstract 

In  this  work,  the  mechanism  of  SiC  particle  deposition  from  Ar 
gas  flowing  over  a  fiber  during  drawing  process  onto  a  vertical 
surface  by  thermophoresis  is  investigated.  Thermophoresis  can  be 
effective  in  moving  submicron  SiC  particles  in  the  range  of  10- 
100  nm,  and  plays  a  significant  role  in  moving  these  particles 
away  from  a  heated  surface.  Thermophoretic  velocity  can  be 
increased  by  incorporation  of  “blades”  cooled  by  cooling 
medium.  The  data  obtained  are  used  in  developing  of  novel  high 
efficient  particle  removing  system. 

Keywords 

Thermophoresis;  optical  fiber;  SiC  particles. 

1.  Introduction 

Thermophoresis  is  known  as  a  phenomenon  in  which  small 
particles  suspended  in  a  gas  migrate  from  the  hot  to  the  cold 
zones  of  the  gas.  This  thermophoretic  force  is  a  result  of  greater 
momentum  transfer  from  the  gas  molecules  on  the  hot  side  of  the 
particles  compared  to  the  cold  side. 

The  deposition  of  submicron  particles  from  an  aerosol  flow  onto 
surface  due  to  thermophoresis  has  gained  importance  for  many 
engineering  applications. 

Aerosol  particles  flowing  over  surfaces  tend  to  deposit  under  the 
influence  of  diffusion,  gravity  and  other  forces.  In  a  non-uniform 
temperature  field  the  particles  experience  thermophoretic  force 
directed  against  the  temperature  gradient.  As  a  result,  the  particles 
are  deposited  from  hotter  gas  to  colder  surfaces.  Contamination 
can  arise  from  the  furnace  environment.  In  fiber  drawing 
application  the  actual  composition  and  formation  mechanism  of 
the  particles  is  unknown.  However  it  is  known  that  both  graphite 
and  silica  have  a  finite  vapor  pressure  at  fiber  draw  temperature, 
over  2000  C°,  and  species  of  carbon  and  silicon  oxide  (SiO)  are 
evaporated  from  the  element  and  preform  surfaces. 
Thermodynamical  calculations  show  that  a  number  of  different 
species  can  be  bom  from  these  compounds  depending  on  the 
temperature,  time  and  mixing.  It  is  assumed  that  at  least  a  fraction 
of  these  particles  is  silicon  carbide  (SiC),  which  can  cause  fiber 
strength  decrease  and  shorten  the  graphite  parts  lifetimes.  Most 


probably  the  particles  are  formed  as  condensation  nuclei  and  then 
they  grow  due  to  coagulation  to  sizes  0.1  pm  or  greater.  The 
growth  is  speeded  up  by  the  high  concentration  of  ultra  fine 
particles.  If  all  evaporated  carbon  would  end  up  as  SiC  and  1  pm 
particle  size,  the  concentration  would  be  1  000  000  particles/ 
cubic  feet,  i.e.  much  higher  than  typical  clean  room  specification. 

2.  Theoretical 

There  have  been  many  attempts  to  devise  a  suitable  theoiy,  which 
describes  thermophoresis,  but  as  yet  a  complete  solution  has  not 
been  found. 

Molecular  motion  in  a  temperature  gradient  is  considered.  The 
movements  will  be  more  vigorous  at  higher  temperatures.  When  a 
particle  is  placed  in  this  gradient,  the  momentum  transferred  to  one 
side  of  the  particle  exceeds  that  transferred  to  the  other  side,  leading 
to  a  net  force  results.  To  determine  this  net  force,  it  is  necessary  to 
know  exactly  the  velocity  distribution  of  the  molecules  at  the 
particle  surface.  Among  other  things  this  depends  on  the  ratio  of 
particle  size  and  pressure  of  the  medium,  the  Knudsen  number 
(Kn =2W,  where  X  is  mean  free  pass,  d  is  particle  diameter),  because 
the  particle  itself  can  have  very  little  or  a  significantly  great 
influence  on  the  velocity  distribution  of  nearby  molecules.  A 
complete  theory  must  take  this  vaiying  influence  into  account.  At 
present  it  is  most  convenient  to  consider  several  size  ranges  (or 
Knudsen  numbers)  when  one  is  attempting  to  predict  the  magnitude 
of  the  thermal  force. 

In  our  case  the  particle  is  much  smaller  than  the  mean  free  path  of 
the  gas  molecules.  This  represents  the  condition  where  Kn»l  and 
is  called  the  free  molecule  region. 

In  the  free  molecule  region,  molecules  colliding  with  a  particle  will 
travel  an  average  many  particle  diameters  away  from  the  particle 
before  colliding  with  another  molecule.  Thus  it  is  extremely 
unlikely  that  the  molecule  and  particle  will  ever  meet  again  or  that 
the  molecule  will  affect  other  molecules,  which  may  collide  with  the 
particle.  Therefore,  the  effect  of  the  collision  of  the  molecule  with 
the  particle  is  immediately  lost,  and  the  particle  itself  exerts  virtually 
no  influence  on  the  velocities  of  the  surrounding  gas  molecules  [1], 
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Deijaguin  and  Bakanov  [2]  found  the  following  expression  for  the 
thermal  force  on  particle  when  Kn»l : 


the  thermophoretic  velocity  at  different  distances  from  hot  zone  for 
different  gas  flow  presented  in  Figure  2. 
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where  //  is  gas  viscosity,  v  is  kinetic  viscosity,  VT  is  temperature 
gradient. 

The  thermophoretic  velocity  can  be  determine  [1]  by  utilizing 
Stokes  law  and  by  assuming  that  the  Cunningam  correction  factor  is 
applicable  for  cases  where  Kn»l.  In  this  case  thermoforetic 
velocity  can  be  determine  as 
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3.  Experimental 

3.1  Temperature  measurements  and 

thermophoretic  velocity 

For  experiment  we  use  fiber  draw  furnace  with  induction  heating 
and  extension  tube  (length  100  cm,  internal  diameter  8  cm).  During 
operation  furnace  purged  by  Ar  gas  with  three  different  gas  flows:  7 
l/min,  11  l/min  and  15  l/min.  Temperature  inside  hot  zone  was 
2200  °C.  Gas  temperature  was  measured  near  axis  and  at  the  edge  of 
extension  with  different  distance  from  the  hot  zone  of  the  furnace  by 
using  Pt/Rd(13%)  thermocouple  (Figure  1). 


— ♦  -- 15  l/min,  center 
<►  — 15  l/min,  edge 
~A —  11  l/min,  center 
—A— -11  l/min,  edge 
— ■  -  -7  l/min,  center 
O  —  7  l/min,  edge 


Figure  1.  Gas  temperature  at  different  distances 
from  the  hot  zone 

Figure  1  shows  that  temperature  inside  extension  tube  strongly 
depends  from  distance  from  hot  zone  and  gas  flow.  With  lower  Ar 
gas  flow  temperature  is  lower. 

Considering  as  the  initial  temperature  of  the  fiber  that  at  the  end  of 
neckdown,  where  it  reaches  its  final  diameter  (commonly  taken  to 
be  glass  softering  point  around  1600  °C)  [3-5],  and  utilizing  Eq.  2, 
thermophoretic  velocity  can  be  calculated.  Results  of  calculation  of 


Figure  2.  Thermophoretic  velocity  at  different 
distances  from  the  hot  zone 

It  can  be  seen  that  the  thermophoretic  velocity  decrease  with 
increasing  distance  from  the  hot  zone  and  decreasing  Ar  gas  flow. 
Therefore,  for  developing  particle  removing  system  necessary  to 
consider  the  upper  region  of  the  extension  tube,  where  the 
thermophoresis  is  more  effective. 

3.2  Particle  removing  system 

The  data  obtained  were  used  in  the  developing  of  novel  high 
efficient  particle  removing  system. 

Particle  removing  system  consists  of  tube  and  “blades”  inside  tube. 
Distance  from  fiber  to  “blades”  is  2  cm.  “Blades”  cooled  by  a 
cooling  medium  with  controlled  temperature. 

Structure  of  the  fiber  draw  furnace  with  particle  removing  system 
is  shown  in  Figure  3.  The  particle  removing  system  is  placed 
between  the  fiber  draw  furnace  and  extension  tube. 

SiC  particle,  which  are  bom  during  fiber  drawing  flow  down  from 
fiber  draw  furnace  through  particle  removing  system.  Inside 
particle  removing  system  SiC  particles  move  in  direction  from 
fiber  to  cooling  “blades”  due  to  the  thermophoretic  force.  And 
finally  they  are  deposited  on  it. 

Comparison  of  the  values  of  thermophoretic  velocity  at  different 
distances  from  the  hot  zone  with  and  without  particle  removing 
system  for  1 5  l/min  Ar  gas  flow  is  shown  in  Figure  4. 

Thermophoretic  velocity  inside  particle  removing  system  in  the 
upper  part  is  almost  four  times  higher  compared  to  thermophoretic 
velocity  inside  extension  tube.  In  the  lower  part  it  decrease  due  to 
changing  temperature  gradient  and  becomes  comparable  to 
thermophoretic  velocity  inside  extension  tube. 

These  results  illustrate  the  idea  that  thermophoresis  can  be  effective 
in  moving  submicron  SiC  particles  away  from  a  heated  surface  of  a 
fiber. 
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Figure  3.  Structure  of  the  fiber  draw  furnace  with 
particle  removing  system  (1  -  Ar  gas  flow,  2  - 
heating  element,  3  -  preform,  4  -  coil,  5  -  particle 
removing  system,  6  -  extension  tube,  7  - 
“blades”) 


It  is  interesting  to  estimate  parameters  of  the  “blade”  for  effective 
thermophoresis.  First  of  all  “blade”  temperature  has  great  effect  on 
the  process,  as  can  be  seen  from  Figure  2.  We  calculated 
thermophoretic  velocity  for  different  “blade”  temperatures  and 
distance  from  hot  zone  (Figure  5).  The  curve  slope  is  decreased  for 
low  temperature  and  “blade”  cooling  down  lower  400  °C  is  non- 
effective  due  to  small  increase  in  thermophoretic  velocity. 

Another  “blade”  parameter  is  length  along  extension  axis.  It  can 
be  estimated  from  condition  that  particle  should  reach  “blade”  due 
to  radial  thermophoretic  movement  during  moving  along 
extension  axis  with  Ar  flow. 


Figure  5.  Temperature  dependence  of  the 
thermophoretic  velocity  on  “blade”  temperature  at 
different  distances  from  the  hot  zone.  Ar  gas  flow 
is  15  l/min 


Length  of  the  blades”  L  can  be  found  from  the  following 
expression 


Figure  4.  Thermophoretic  velocity  at  different 
distances  from  the  hot  zone  with  and  without 
particle  removing  system.  Ar  gas  flow  is  15  l/min 


lm*%-  <3> 

where  R  is  distance  between  fiber  and  “blade”,  VG  is  a  gas  velocity, 
calculated  from  gas  flow  rate. 

4.  Conclusions 

In  this  work,  the  mechanism  of  SiC  particle  deposition  from  Ar 
gas  flowing  over  a  fiber  during  drawing  process  onto  a  vertical 
surface  by  thermophoresis  is  investigated.  Thermophoresis  can  be 
effective  in  moving  submicron  SiC  particles  in  the  range  of  10- 
100  nm,  and  plays  a  significant  role  in  moving  these  particles 
away  from  a  heated  surface.  The  results  show  that  thermophoretic 
velocity  can  be  increased  by  incorporation  of  “blades”  cooled  by 
cooling  medium.  Geometry  of  “blades”  can  be  estimated  from 
obtained  results.  The  data  obtained  are  used  in  developing  of 
novel  high  efficient  particle  removing  system. 
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Abstract 

We  have  developed  new  type  of  optical  fiber  drop  cables  and  intra¬ 
building  cables  that  replaces  slotted  core  cables.  They  are  laid  in 
multistory  residences  and  small  buildings. 

Due  to  the  fact  that  this  cable  is  small  in  diameter,  it  can  be  laid  in 
narrow  spaces  that  were  heretofore  impossible  to  run  cables  through. 
Construction  is  very  simple,  which  contributes  to  lowering  the 
overall  cost.  Furthermore,  it  is  possible  to  manufacture  cables  in  a 
single  process,  thereby  lowering  processing  costs. 

The  mid-span  branching  capabilities  are  far  superior  to  the  old  type 
of  cables,  as  well.  In  testing  this  type  of  cable  for  transmission  loss, 
temperature  tolerance,  mechanical  abilities,  mid-span  branching 
capabilities,  and  installation  flexibility,  we  obtained  positive  results 
in  every  category,  confirming  that  this  cable  is  extremely  practical. 

Keywords 

Fiber;  cable. 

1.  Introduction 

As  the  construction  of  optical  networks  advances,  more  optical  fiber 
cable  and  optical  fiber  cords  are  being  used.  In  years  past  in  Japan, 
drop  cables  and  distribution  cables  in  buildings  have  utilized  the 
slotted  core  feeder  cables  [1]  to  distribute  the  cable  vertically  to 
cabinets  with  cable  connectors  on  each  floor  of  the  structure.  These 
connection  cabinets  also  contain  the  distribution  cables  that  connect 
horizontally  to  the  various  units  on  each  floor. 

However,  the  large  external  diameter  of  slotted  core  feeder  cables 
can  make  them  unwieldy.  They  pose  problems  in  small  and  medium 
buildings  and  often,  especially  in  places  where  the  ductwork  is 
already  in  place,  it  is  not  possible  to  install  these  cables  at  all.  For 
this  reason,  we  have  developed  a  new  type  of  optical  fiber  cable, 
which  is  much  narrow  in  diameter,  and  can  be  used  for  drop  cables 
and  intra-building  cables. 


2.  Cable  design 

2.1  Cross  Section  Construction 

Cables  are  constructed  using  the  same  configuration  that  has  been 
adopted  for  indoor  and  drop  cables.  Inside  a  cross  section  of  the 
cable,  optical  fiber  units  consisting  of  several  4-fiber  ribbons  or  8- 
fiber  single  strands  are  encapsulated. 


(Conventional)  (New  design  :  Drop  cable) 


Figure  1.  Aerial  Drop  Cables 


(Conventional)  (New  design:  Indoor  cable) 

Figure  2.  Underground  Drop  Cables  and  Intra- 
bulldlng  Cables  (4-Fiber  Ribbon  Type) 
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Single  fiber 


(Conventional)  (New  design:  Indoor  cable) 

Figure  3.  Intra-building  Cables 
(Single  Fiber  Unit  Type) 

2.2  Study  of  Construction  Methods 

The  newly  designed  8-fiber  type  is  different  from  current  indoor 
cables  in  that  the  cable’s  center  and  the  center  of  the  optical  fiber 
inside  the  cable  don’t  correspond,  since  the  fibers  are  encapsulated 
in  two  layers.  For  this  reason,  the  strain  on  the  optical  fiber  is 
increased  when  the  cable  is  bent,  and  this  leads  to  problems  with 
reliability.  This  is  why  we  conducted  a  study  on  the  strain  and 
permissible  failure  ratios  of  optical  fiber,  defects 

2.2. 1  4-Flber  Ribbon,  2  Layer  Type 

We  calculated  and  measured  when  the  cable-bending  radius  was 
equal  to  30mm.  (1)  is  the  formula  used,  and  Figure  4  is  a  chart  with 
the  results  of  the  calculations. 


Strain  =  (The  actual  measurement  of  the  distance  between  the  center  of  the  b 
ent  cable  and  the  center  of  fiber  )  /  (fixed  bending  radius)  (1 ) 


outer  side  fiber  innner  side  fiber 


Figure  4.  Fiber  Strain  from  Cable  Bending 


The  failure  ratio  per  single  optical  fiber  on  the  outside  of  the  center 
of  cable  was  calculated  using  formula  (2),  when  the  cable  was  left  in 
a  bent  status  at  a  given  radius  for  20  years.  The  formula  used  is 
labeled  (2),  and  Figure  5  is  a  chart  with  the  results  of  the 
calculations.  The  results  revealed  that  permissible  failure  ratio, 


1.8><10‘5/km  per  fiber  can  be  met  if  the  fixed  bending  radius  is 
greater  than  60  mm.  2 

BniE  \£  A/  1 

Z  =  a-N„ - t - ;X- - —  (2) 

(*/S) 


FxQ 

«/'  X2, 


Table  1.  Numerical  Parameters 


Symbol 

Explanation 

Value 

k 

failure  rate 

- 

Np 

fiber  breaking  ratio  at  screening  test 

0.002 

a 

m  /(np  -2) 

0.14 

m 

Weibull  distribution  constant 

- 

p 

(nP- 2y(n-2) 

1 

Bp 

fatigue  index  at  screening  test 

np 

fatigue  coefficient  at  screening  test 

B 

fatigue  index  in  service  environment 

C Biry 

E 

Young’s  modulus  of  fiber  elasticity 

ep 

screening  strain 

1.1% 

ts 

service  period 

20  years 

tp 

screening  period 

1  sec 

£ 

fiber  strain  at  fixed  bending 

Equation  (1) 

-  Failure  Ratio  -  -  -  Jr  -  -  strain 


0.80 

0.70 

0.60 
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0.40 

0.30 
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0.10 

0.00 


Cable  Bending  Radius  (mm) 


Figure  5.  Failure  Ratio  and  Fiber  Strain  when 
Cable  Is  Bent 
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strain(%) 


2.2.2  8-single  Strand  Unit  Type 

Fiber  strain  of  a  bent  cable  with  a  30  mm  radius  was  calculated 
using  this  formula  (1)  and  then  actually  measured.  Figure  6  is  a  chart 
with  the  results  of  the  calculations.  The  number  of  actual  compress 
strains  is  slightly  less  than  the  number  of  calculated  strains,  but  both 
the  calculated  and  the  measured  tensile  strains  were  the  same. 


Figure  6.  Fiber  Strains  when  Cables  are  Bent 


The  failure  ratio  per  optical  fiber  strand  on  the  outside  from  the 
center  of  the  cable  after  20  years  was  calculated  using  formula  (2), 
where  the  cable  was  left  in  a  bent  status  at  a  given  radius  for  20 
years.  As  indicated  in  Fig  7,  it  was  assumed  that  2/3  of  a  given 
distance  affected  by  tensile  strain  was  loaded  with  the  maximum 
strain  x  0.477  (0-1/6  cycle,  average  of  2/6— *1/2  cycle)  and  the 
remaining  1/3  was  loaded  with  the  maximum  strain  x  0.955 
(average  of  1/6— 2/6  cycle).  Fig  8  is  a  chart  of  the  calculated  results. 
The  results  revealed  that  the  permissible  failure  ratio,  1.8xl0*5/km 
per  strand  can  be  met  if  fixed  bending  radius  is  greater  than  95  mm. 


numeral  •  *  •  •  precondition  j 


Figure  7.  Preconditions  for  Calculations 


~  Failure  Ratio  *  Ar  *  •  $train(max.)  ■  ♦>  *  *  Strain(min.)  [ 


Cable  Bending  Radius  (mm) 

Figure  8.  Failure  Ratios  and  Fiber  Strains  when  a 
Cable  is  Bent 


3.  Cable  performance 

Temperature  characteristics,  mechanical  characteristics,  and 
branching  capabilities  beyond  the  mid-span  of  the  optical  fiber 
were  evaluated.  Results  of  the  tests  were  satisfactory.  We  also 
evaluated  optical  fiber  cable  with  regard  to  their  suitability  in 
ducts.  Optical  fiber  cables  were  found  to  be  even  better  suited  to 
ducts  than  conventional  slotted  construction. 


3.1  Temperature  Characteristics 

Trial  cables  were  tested  for  heat  cycling  between  -30  degrees  and  70 
degrees  and  fluctuations  of  transmission  losses  are  shown  in  Table  2. 


Table  2.  Temperature  Characteristics  (@1.55pm) 


Cable  Type 

Increase  in  Maximum  Transmission  Loss 
(dB/km)  I 

-30  degree 

70  degree 

8-fiber  Drop(ribbon) 

0.01 

0.00 

4-fiber  Drop(ribbon) 

0.01 

0.00 

8-fiber  Indoor(ribbon) 

0.01 

0.00 

4-fiber  Indoor(ribbon) 

0.00 

0.00 

8-fiber  Indoor(unit) 

0.03 

0.00 

3.2  Temperature  Characteristics  at  Fixed  Bending 

Trial  cables  were  coiled  ten  times  with  a  30  mm  radius  and  tested 
for  heat  cycling  between  -30  degrees  and  70  degrees  and 
fluctuations  of  transmission  losses  are  shown  in  Table  3.  No 
remarkable  increase  in  loss  was  observed  in  the  temperature  range. 
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Table  3.  Temperature  Characteristics  at  Fixed 
Bending  (@1.55pm) 


Table  5.  Results  of  duct  installation  tests 
(@1.55mm) 


Cable  Type 

Increase  in  Maximum  Transmission 

Loss  (dB) 

-30  degree 

70  degree 

8-fiber  Drop  (ribbon) 

0.00 

0.00 

4-fiber  Drop  (ribbon) 

0.00 

0.00 

8-fiber  Indoor  (ribbon) 

0.00 

0.00 

4-fiber  Indoor  (ribbon) 

0.00 

0.00 

8-fiber  Indoor  (unit) 

0.00 

0.00 

Number  of  Max. 
Installation 

Loss  increase 

Conventional 
Slotted  core  cable 

1 

0.00 

8-fiber  Drop  (ribbon) 

4 

0.00 

4-fiber  Drop  (ribbon) 

4 

0.00 

8-fiber  Indoor  (ribbon) 

7 

0.00 

4-fiber  Indoor  (ribbon) 

7 

0.00 

8-fiber  Indoor  (unit) 

6 

0.00 

3.3  Mechanical  Characteristics 

Table  4  lists  the  results  of  mechanical  tests  of  trial  cables.  Results 
were  satisfactory  in  various  tests. 


Table  4.  Results  of  mechanical  test  (@1.55pm) 


Item 

Condition 

Result 

Bending 

R  =  30  mm 

<0.01  dB 

Lateral  pressure 

2940  N/ 100  mm 

<  0.01  dB 

Squeezing 

R  =  300  mm 

980  N  90  deg. 

<  0.01  dB 

Impact 

0.6  kg  x  1  m 

<  0.01  dB 

Twist 

+180  deg.  /m 

<0.01  dB 

Tensile 

1960N  (Drop) 

392N  (Indoor) 

<  0.01  dB 

3.4  Laying  Optical  Fiber  Cables  in  a  Duct 

For  laying  optical  fiber  cables  in  a  building,  we  experimented 
with  laying  optical  fiber  cables  in  a  duct  to  check  the  maximum 
number  of  cables  that  can  be  laid  in  a  25  meter  long  duct  with  a 
16  mm  inner  diameter.  We  bent  the  duct  90  degrees  with  a  114 
mm  radius  at  3  points  for  testing.  The  duct  is  illustrated  in  Fig  9 
and  test  results  are  listed  in  Table  5.  The  experiment  proved  that 
the  number  of  optical  fiber  cables  that  can  be  laid  in  a  duct  is 
greater  than  the  number  that  can  be  laid  in  conventional  slotted 
core  cables.  t 


R=114mm 


3.5  Duct  Squeezing  Test 

For  laying  optical  fiber  cables  in  a  building,  squeezing  tests  were 
performed  loading  200N  on  a  16  meter  long  duct  with  a  16  mm 
inner  diameter.  The  duct  was  bent  90  degrees  with  a  114  mm 
radius  at  3  points  for  testing.  The  duct  model  is  illustrated  in  Fig 
10  and  test  results  are  listed  in  Table  6.  These  tests  revealed  that 
optical  fiber  cables  have  good  squeezing  characteristics. 


R=114  mm  90  deg.  R=114  mm  90  deg. 


Table  6.  Results  of  duct  squeezing  tests  (@1.55pm) 


Damage  of  sheath 

Loss  increase 
(dB) 

Conventional 
Slotted  core  cable 

No 

0.00 

8-fiber  Drop  (ribbon) 

No 

0.00 

4-fiber  Drop  (ribbon) 

No 

0.00 

8-fiber  Indoor  (ribbon) 

No 

0.00 

4-fiber  Indoor  (ribbon) 

No 

0.00 

8-fiber  Indoor  (unit) 

No 

0.00 

Figure  9.  Duct  model 
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4.  Conclusions 

A  new  small  diameter  and  light  optical  fiber  cable  was  developed 

for  use  as  drop  cable  and  distribution  cable  to  and  from  multistory 

residences  and  small  buildings.  The  features  of  the  new  type  of  cable 

are: 

•  Because  this  cable  is  small  in  diameter,  it  can  be  laid  in 
narrow  spaces. 

•  Its  simple  structure  enables  a  reduction  in  material  costs  as 
well  as  processing  costs,  as  it  can  be  made  in  a  single  process. 

•  The  trial  cable  has  demonstrated  good  mechanical  properties  in 
many  parameters. 

We  confirmed  that  the  cable  can  be  put  in  actual  use. 
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Abstract 

In  this  paper,  we  describe  a  design  and  characteristics  of  the  newly 
developed  two-dimensional  array  24-fiber  MT  (Mechanically 
Transferable)  ferrule.  We  have  developed  the  ferrule  that  has  higher 
accurate  holes’  position  than  conventional.  We  have  evaluated 
characteristics  of  24-fiber  MPO  (Multi-fiber  Push-On)[l][2][3] 
connector  utilized  this  ferrule  by  single-mode  fiber  with  angled 
polish.  And  we  have  succeeded  in  the  low-loss  type  [4]  24-fiber 
MPO  connector  that  has  more  excellent  optical  characteristics  than 
conventional. 

Keywords 

Two-dimensional  array  MT  ferrule;  MPO  connector;  High-density; 
Low-loss 

1.  Introduction 

In  recently,  with  the  expansion  of  optical  interconnect  network, 
parallel  optical  interconnection  technologies  have  been  required  in 
high  speed  and  high-density  data-transmission  systems.  In  these 
systems,  the  high-density  optical  connecting  techniques  with  very 
low  insertion  loss  are  required.  Moreover  easy  connecting  and 
disconnecting  functions  is  also  required.  Therefore,  in  order  to 
advance  the  optical  network,  the  high-density,  the  low-loss  and  easy 
connecting  techniques  are  necessary. 

On  the  other  hand,  as  the  MPO  connector  is  easy  to  connect- 
disconnect  the  ribbon  fibers,  they  are  widely  used  in  communication 
markets.  And  there  are  some  variations  of  fiber  number  up  to  24- 
fiber  in  size  of  standard  MT. 

Under  such  recent  situation,  we  have  reported  about  development  of 
8-fiber  low-loss  MT  ferrule  and  low-loss  8-fiber  MPO  connector  in 
this  society  last  year  [4].  This  time,  we  aimed  higher  density 
connection  and  developed  two-dimensional  array  type  24-fiber 
ferrule  for  low-loss  type  24MPO  connector. 

In  this  paper,  we  describe  a  design  and  characteristics  of  the  newly 
developed  two-dimensional  array  24MT  ferrule  for  low-loss 
24MPO  connector. 


2.  Design 

2.1  Target  characteristics 

The  target  performance  for  low-loss  24MPO  connector  is 
established  that  optical  performance  in  the  insertion  loss  becomes 
less  than  0.5dB  in  random  mating.  However,  it  is  difficult  to  achieve 


high  performance  connector  only  by  ferrule  design.  Therefore,  we 
used  the  high  accurate  fiber  (diameter  is  0.125+/-0. 00025mm.  core 
concentricity  error  is  less  than  0.25um)  and  the  definite  accurate 
alignment  pin  (0.6985+/-0.0001mm),  and  evaluated  the  low-loss 
24MPO  connector. 

2.2  Structure  of  24MPO  connector 

As  shown  in  figure  1,  low-loss  24MPO  connector  is  designed  on  the 
basis  of  MPO  connector  according  to  IEC  1754-7  type  connector  for 
optical  fiber  ribbons.  24MPO  connector  accommodates  one  24MT 
ferrule,  which  has  two  alignment  holes  and  24  fiber  holes.  An  end- 
face  of  connector  is  angle  polished  at  8-degrees  with  protrusion  of 
fibers.  An  angled  end  face  of  optical  fiber  prevents  light’s  reflection, 
so  return  loss  of  connector  get  better.  And  fiber  protrusion  enables 
physical  contacts  between  fibers.  Therefore,  it’s  possible  to  be  low 
insertion  loss  connections  without  index  matching  material. 


Two  12-fiber  ribbons 


Figure  1.  24MPO  Connector,  24MT  Ferrule 


For  high-density  connection  and  utilizing  the  standard  MPO 
housing,  outer  dimension  of  24-fiber  MT  ferrule  is  the  same  as 
standard  MT  ferrule.  As  shown  in  figure  2,  it’s  2.5mm  in  height  and 
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6.4mm  in  width  on  the  end-face  of  MT  ferrule.  Fiber-holes  of  24MT 
are  located  in  12  columns  by  2  rows,  0.25mm  pitch  between 
columns  and  0.5mm  pitch  between  rows. 


6.4mm 


— - -► 

c 

0.25mm 

■/7\ 

i 

2.5mm 

t 

3  OOOOOOOOOOOO' 
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7 

- * 
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Figure  2.  End-face  of  24MT  Ferrule 


2.3  Cause  of  connector  Insertion  loss 

In  general,  the  main  cause  of  connector  insertion  loss  is  the  position 
error  of  fiber  core.  Here,  we  quote  from  a  citation  paper  [4]  that  is 
reported  last  year,  and  in  order  to  make  explanation  intelligible,  a 
figure  of  8MT  is  used. 

Insertion  loss  L  is  caused  by  the  position  error  of  fiber  core  defined 
as  following  equation. 

L  =  4.34  (R  /  w) 2  [dB]  [5] 

R  [urn]  is  position  error  between  each  fiber  core  and  w  [urn]  is  mode 
field  radius.  And  this  R  happens  by  following  matters: 

1)  Clearance  between  alignment  pins  and  alignment  holes  of  MT 
ferrule  (El  in  Figure  3) 

2)  Clearance  between  fibers  and  fiber  holes  of  MT  ferrule  (E2  in 
Figure  3) 

3)  Fiber  hole  position  error  (E3  in  Figure  3) 

4)  Fiber  hole  tilt  against  alignment  hole  (E4  in  Figure  4) 

5)  Bend  caused  by  shrinking  the  adhesive  resin  (E5  in  Figure  5) 

To  achieve  low  insertion  loss,  we  improved  the  precision  of  mold 
pins  and  V-groove  molds  to  reduce  the  value  of  El,  E2,  and  E3. 
And  we  changed  the  ferrule’s  window  size  to  reduce  the  value  of  E5. 

In  addition,  because  of  clearance  between  alignment  pins  and 
alignment  holes  of  MT  ferrule,  two  angled  MT  ferrules  are  slipped 
when  they  are  mated  each  other.  This  causes  position  error  for 
center  of  mated  MT  ferrules  as  shown  in  figure  6. 

Therefore,  in  order  to  design  the  MT  ferrule  for  low-loss  MPO 
connector,  it  is  necessaiy  to  control  the  position  of  fiber  holes  more 
closely  and  to  consider  these  causes  against  y-offset 

y-offset  =  El/2  +  E4  +  E5 


We  have  investigated  these  values  minutely  and  determined  y-offset 
value. 


End  face  of  MT  ferrule  Y  alignment  hole 


design  position  of  fiber  hole 

El:  clearance  between  alignment  pin  and  alignment  hole 
E2:  clearance  between  fiber  hole  and  fiber 
E3:  fiber  holle  position  error 


Figure  3.  Causes  of  position  error  of  fiber  core 


Figure  4.  Fiber  hole  tilt 
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End  face  of  MT  ferrule 


£ 


Ferrule's  bend  caused  by  shrinking  adhesive  resin 
■  Position  error  of  fiber  hole  is  changed 


Figure  5.  Bend  by  curing  adhesive  resin 


Position  error  of  center  El/2 


Figure  6.  Position  error  by  slipping 


2.4  Difference  between  8MT  and  24MT  ferrule 

This  time  we  applied  the  technology  mentioned  above  of  the  low- 
loss  8MT  ferrule  for  the  24MT  ferrule.  And  moreover,  we 
investigated  realization  of  higher  accurate  ferrule.  Two-dimensional 
array  24MT  ferrule  has  two  rows.  So  we  improved  the  specific 
points  of  this  24MT  ferrule  as  follows. 

1)  Improvement  of  fiber  hole  parallelism  accuracy  more  than  that  of 
one  row  MT  ferrule 

As  shown  figure  7,  when  two-dimensional  MT  (24MT:two  row) 
ferrules  are  angled  (8-degree)  polished,  lower  fiber  hole  position  is 
more  polished  in  depth  than  the  fiber  hole  of  one  row  MT  ferrule. 
So  fiber  holes  of  the  24MT  ferrule  have  to  be  improved  parallelism 
accuracy  more  than  one  row  MT  ferrule. 

2)  Parallel  arrangement  of  the  upper  and  lower  fiber  holes 

We  improved  accuracy  of  the  distance  between  upper  and  lower 
fiber  holes  from  the  ferrule  end-face  to  in  depth  of  the  ferrule. 

3)  Parallel  arrangement  of  fiber  holes  and  alignment  holes 

We  improved  accuracy  of  the  distance  between  two  alignment  holes 
and  fibers  holes. 

Figure  8  shows  improvement  of  item  2),  3). 


Fiber  hole  tilt  against  alignment  hole  (E4) 


Polished  part 

Figure  7.  Polished  24MT  ferrule 


Polished  part 

Figure  8.  Parallel  arrangement  hole 


2.5  Improvement  of  Metal  Mold 

In  order  to  decrease  the  fiber  holes  tilt  against  alignment  holes, 
we  have  improved  metal  mold  of  the  24MT  ferrule.  Figure  9 
shows  the  structure  of  the  24MT  ferrule.  In  the  conventional 
metal  mold,  accurate  alignment  of  pins  was  done  at  only  end-face 
of  ferrule.  But  this  time,  in  order  to  make  each  holes  parallel  more 
accurately,  the  forming  pins  were  aligned  with  the  pin  holder,  and 
the  pin  holder  was  aligned  with  the  cavity  parts. 

In  the  conventional  structure  we  had  another  problem  of  holes 
accuracy.  As  shown  in  figure  10,  the  fiber  holes  were  located  as 
an  upper-and-lower  interval  might  become  narrow  in  the  center  at 
the  inside  of  ferrule.  We  presumed  that  this  depended  on  which 
resin  flows.  In  general,  as  shown  in  figure  10,  MT  ferrule  has 
fiber  guide  holes  linking  with  fiber  holes.  In  the  conventional 
ferrule,  diameter  of  fiber  guide  is  the  same  as  fiber  columns  pitch, 
so  resin  is  not  easy  to  be  flowed  into  space  between  upper  pins  and 
lower  pins  during  molding.  Therefore  the  pins  are  pressed  by  resin 
from  outside  and  bent. 

In  order  to  solve  this  problem,  we  have  built  a  new  structure  fiber 
guide  holes  and  pins  as  shown  in  figure  1 1 .  The  fiber  guide  holes 
diameter  is  changed  to  less  than  fiber  hole  pitch,  so  resin  is  easy 
to  be  flowed  in  space  between  upper  pins  and  lower  pins  through 
the  gap  between  pins  in  row. 
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Figure  9.  Structure  of  metal  mold 


Fiber  hole 


Figure  11.  Improved  pins 


2.6  Molding 

MT  ferrule  for  low-loss  MPO  connector  is  manufactured  by  high- 
accuracy  transfer  molding  technique.  Figure  12  shows  the  transfer 
molding  operations.  First,  the  clamping  device  of  the  molding 
machine  works  to  clamp  tightly  the  mold.  Second,  the  molding 
resin  in  tablet  form  pre-heated  at  high  frequency  is  charged  into 
the  pot  (see  (1».  In  (2),  the  plunger  is  inserted  into  the  pot  and 
presses  the  resin  and  then  the  cavity  section  is  filled.  After  being 
pressed  and  heated  for  a  certain  time,  the  mold  is  opened,  and  the 
molded  product  is  ejected  from  the  cavity  as  shown  in  (3). 

In  the  case  of  thermosetting  plastics,  because  the  curing 
temperature  of  the  resin  is  very  important  factor  to  consider  the 
characteristics  of  the  molded  product,  we  have  optimized  some 
molding  conditions  that  include  temperature  of  a  mold,  heating 
time  and  molding  pressure.  And  we  improved  some  parts  of  the 
mold  to  reduce  the  bend  caused  by  shrinking  the  adhesive  resin 
and  fiber  hole  tilt. 


pre-heated  resin 


(1)  Charging  molding  material  (2)  Pressing  (3)  Mold  opening,  takeout  of  product 


Figure  10.  Conventional  pins 


Figure  12.  Transfer  mold  process 
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3.  Characteristics 

3.1  Position  error  of  fiber  holes 

Since  we  improved  the  fiber  holes  tilt  against  alignment  holes,  we 
evaluated  fiber  hole  position  error  (E3,  E4)  on  both  the  end-face 
of  ferrule  and  the  inside  of  ferrule.  Figures  13,14  show  the  results 
of  position  error  measurement  for  conventional  24MT  ferrule  and 
low-loss  24MT  ferrule.  When  position  error  is  evaluated  on  the 
inside  of  ferrule,  polishing  value  is  400um  which  may  be  ground 
at  assembling  connector. . 

As  the  results  show,  average  and  deviation  of  the  position  error 
for  low-loss  24MT  ferrule  are  obviously  much  less  than  that  of 
conventional  one. 


Figure  13.  Distribution  of  Fiber  hole  position  error 
of  Conventional  24MT  ferrule 


Figure  14.  Distribution  of  Fiber  hole  position  error 
of  Low-loss  24MT  ferrule 


3.2  Optical  characteristics 

We  have  evaluated  the  insertion  loss  of  low-loss  24MPO  connectors 
with  l,310nm  light  source.  To  evaluate  more  precisely,  we  used  the 
single  mode  optical  fiber  whose  diameter  is  0.125+/-0.00025  mm 
and  core  concentricity  is  0.25um  or  less  and  alignment  pins  whose 
diameter  is  0.6985+/-0.0001mm.Figures  15,16  show  the  insertion 
loss  of  conventional  24MPO  connector  and  low-loss  24MPO 
connectors.  Newly  developed  low-loss  24MT  ferrule  were  satisfied 
our  target  value  of  0.5dB  or  less  in  random  mating. 

As  the  results  show,  the  insertion  loss  for  low-loss  24MPO 
connectors  is  obviously  much  less  than  that  of  conventional  24MPO 
connectors. 


Figure  15.  Distribution  of  Conventional 
24MPO  connector 


Figure  16.  Distribution  of  Low-loss 
24MPO  connector 
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3.3  Reliability  Test 

We  evaluated  environmental  and  mechanical  performance  for  low- 
loss  24MPO  connectors.  Reliability  test  results  have  been  reported 
in  our  paper  [4]  of  conventional  24MPO  connector.  Equally, 
sufficient  characteristics  are  obtained  as  shown  in  table  1 . 


Table  1.  Reliability  test  results 


Item 

Test  condition 

Loss  change 

Thermal  cycle 

-40  ~  85deg.  •  8h/cycle  • 
14day 

S0.2dB 

Humidity 

+65deg.  •  95%  •  1 4day 

S0.2dB 

Vibration 

10~55Hz  2h 

3S0.2dB 

Straight  pull 

2.2N  *5sec 

S0.3dB 

Durability 

200times 

^0.3dB 
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4.  Conclusions 

We  have  succeeded  in  developing  higher  accurate  two- 
dimensional  24-fiber  MT  ferrule  for  the  high-density  low-loss 
MPO  connectors.  We  have  improved  molding  technique  and 
obtained  the  excellent  ferrule  that  has  highly  accurate  parallel 
fiber  holes  against  the  alignment  holes.  Then,  these  low-loss 
24MPO  connectors  utilized  this  ferrule  proved  to  have  low- 
insertion-loss  characteristics  less  than  0.3dB.  And  we  also 
obtained  good  reliability. 
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Abstract 

This  work  establishes  the  feasibility  of  producing  a 
nanotube/fiber  optic-based  device  for  measuring  aerodynamic 
flow  parameters  for  use  in  advanced  aeronautic  systems  and 
machine  design.  The  utilization  of  the  special  electronic 
properties  of  carbon  nanotubes  in  combination  with  fiber  optic 
sensor  technology  offers  a  unique  means  to  measure  skin 
friction  to  unprecedented  resolution  and  accuracy.  These 
measurements  provide  important  insight  into  validating  new 
aircraft  design  and  evaluating  performance  shortfalls  on 
existing  aircraft.  Current  methods  of  directly  and  accurately 
measuring  skin  friction  in  airflows  do  not  allow  for  point 
measurements.  Most  techniques  are  indirect  and  rely  on 
relatively  cumbersome  methods  of  inferring  shear  loads  from 
other  measurements.  The  capability  to  directly  measure  skin 
friction  is  of  significant  immediate  interest  to  aeronautical 
researchers  and  wind  tunnel  technicians. 

Keywords 

Fiber  optics;  Nanotube;  Skin  friction;  Fabry-Perot;  Aeronautics; 
Shear  stress 

1.  Introduction 

The  accurate  measurement  of  wall  shear  stress  is  important 
from  several  points  of  view.  This  information  provides  key 
input  to  understanding  the  basic  fluid  physics  involved.  The 
local  skin  friction  (or  wall  shear)  plays  a  central  role  in  the 
correlation  of  all  turbulent  boundary  layer  flows.  Skin  friction 
data  is  critical  to  assessing  the  performance  of  the  device  by 
determining  drag,  transition,  and  any  local  regions  of  flow 
separation.  Knowledge  of  wall  property  variations  provides 
feedback  to  the  design  engineer  leading  to  improvements  in 
the  design  of  the  device  itself  for  increased  performance  and 
efficiency.  Providing  single  point  measurements  of  skin 
friction  and  temperature  in  one  combined  sensor  represents  a 
significant  step  in  the  instrumentation  for  future  aircraft 
design. 

The  development  of  an  ultra- small  (-130-250  micron)  skin- 
friction/temperature  sensing  device,  which  combines  leading- 
edge  carbon  nanotube  and  fiber-optic  technologies,  enables 
sensors  smaller  than  ever  before  possible  that  will  accurately 
measure  wall  properties.  The  mechanical  model  illustrates  the 
flow  field  will  cause  substantial  deflection  of  the  nanotubes, 
and  an  electromagnetic  model  demonstrates  that  the  nanotubes 
will  interact  with  the  evanescent  field  immediately  outside  an 
air-glass  interface  to  produce  a  phase  shift  in  the  E-M  wave 
when  the  nanotubes  are  deflected.  The  ability  to  directly 
measure  viscosity  in  air  and  liquid  flows  would  be  of  great 
benefit  in  the  chemical,  refining,  and  material  processing 
industries.  Fiber  optic  sensor  technology  is  improving 


measurement  instrumentation  by  providing  robust,  small  size, 
lightweight,  highly  reliable  and  multiplexed  devices  that  are 
immune  to  electromagnetic  interference  (EMI). 

2.  Fiber  Optic  Sensing 

The  transducing  mechanism  used  by  the  presented  prototype 
sensors  is  based  on  the  extrinsic  Fabry-Perot  interferometer 
(EFPI).  EFPI-based  sensors  use  a  distance  measurement 
technique  based  on  the  formation  of  a  low-finesse  F abry-Perot 
cavity  between  the  polished  end  face  of  a  fiber  and  a  reflective 
surface,  shown  schematically  in  Figure  1.  Light  is  passed 
through  the  fiber,  where  a  portion  of  the  light  is  reflected  off 
the  fiber/air  interface  (Rj).  The  remaining  light  propagates 
through  the  air  gap  between  the  fiber  and  the  reflective  surface 
and  is  reflected  back  into  the  fiber  (R2).  These  two  light  waves 
interfere  constructively  or  destructively  based  on  the  path 
length  difference  traversed  by  each.  The  interaction  between 
the  two  light  waves  in  the  Fabry-Perot  cavity  is  modulated  by 
the  path  length.  The  resulting  light  signal  then  travels  back 
through  the  fiber  to  a  detector  where  the  signal  is  demodulated 
to  produce  a  distance  measurement.  Several  different 
demodulation  methods  exist  to  convert  the  return  signal  into  a 
distance  measurement. 


Surface 

Figure  1.  Extrinsic  Fabry-Perot  interferometer 
concept. 

3.  Nanotube  Preparation  and  Purification 

Some  nanotubes  were  produced  at  Luna  Innovations,  and 
others  were  purchased  from  commercial  suppliers.  Luna 
utilized  the  carbon-arc  technique,  shown  in  Figure  2,  to 
prepare  a  batch  series  of  nanotubes,  varying  several  reaction 
parameters  such  as  catalyst  identity,  concentration,  current, 
and  voltage  to  increase  the  yield  of  carbon  nanotubes.  From 
run-to-run,  the  appearance  and  density  of  the  soot  varied 
considerably,  ranging  from  large  flaky  particles  to  fine 
granular  soot.  From  our  experience  the  texture  of  the  soot  can 
be  a  qualitative  measure  of  nanotube  formation.  Best 
nanotube  formation  was  achieved  at  higher  pressures  with  Ni- 
Y  as  catalyst.  Nanotubes  produced  in  this  way  have  the  same 
characteristics  as  those  produced  by  laser-ablation  techniques 
with  Co-Ni  as  catalyst. 
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Figure  2.  Atypical  Kratschmer-Huffman 
generator. 

The  higher  pressures  are  believed  to  help  the  formation  of 
single-walled  carbon  nanotubes  [1,2]  Separation  of  the 
nanotubes  from  the  remaining  non-tube  carbon  and  catalyst 
particles  was  accomplished  through  published  acid-dicestion 
methods[3]. 

3.1  Nanotube  functionalization 

Processed  nanotubes  were  successfully  functionalized  with 
thiol-groups  and  attached  to  gold  surfaces.  Processed 
nanotubes  from  acid-digestion  procedures  (possessing  residual 
carboxylic  acid  groups)  were  functionalized  and  attached  to 
gold  surfaces  according  to  Figure  3.  Gold  surfaces  were 
prepared  by  thermally  evaporating  gold  on  a  silicon  substrate 
to  several  precise  depths. 


derivatized  and  attached  to  surfaces  by  self-assembled 
processes 

An  alternate  mode  of  nanotube  attachment  to  fiber  for 
nanotube  arrays  was  also  investigated.  Highly  ordered 
nanotube  arrays  can  be  grown  on  various  substrates:  silicon, 
molybdenum,  and  glass.  A  nanotube  array  was  grown  on  a  30- 
micron  silicon  wafer,  consisting  of  a  forest  of  individual  multi- 
walled  nanotubes  approximately  20  nm  in  diameter,  5  microns 
in  length,  and  an  average  spacing  between  two  nanotubes  of 
20-50  nm.  An  SEM  image  of  a  nanotube  array  is  shown  in 
Figure  4. 


Figure  4.  Ordered  nanotube  array  courtesy  of 
Nano-Lab. 
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Figure  3.  Procedure  for  nanotube 
functionalization  and  attachment  to  gold 
surface. 


The  nanotube- substrate  bond  is  strong,  as  shown  by  the 
nanotube  array  s  ability  to  withstand  prolonged  sonication 
times.  This  mode  of  attachment  ensures  that  the  nanotubes 
will  survive  vigorous  environmental  conditions.  The  silicon 
wafer  would  be  directly  attached  to  the  end  of  the  optical  fiber, 
or  the  nanotubes  could  be  grown  directly  on  the  optical  fiber 
sensor  surface. 

Although  the  sensors  prepared  using  the  proven  gold-coupling 
chemistry  may  find  alternate  applications,  nanotube  arrays 
were  determined  to  provide  the  best  source  of  nanotubes  for 
the  demanding  conditions  governing  this  investigation.  The 
move  from  the  gold-coupling  chemistry  was  made  for  several 
reasons:  (1)  the  thiol-gold  bond  is  a  labile  physical  bond, 
strongly  influenced  by  environmental  conditions,  (2)  in  the 
self-assembly  process,  there  is  no  way  to  experimentally 
control  the  surface  area  coverage,  and  (3)  the  nanotubes  have  a 
broad  length  distribution,  the  acid-digestion  procedures  used 
for  nanotube  functionalization  could  not  provide  sufficiently 
uniform  lengths. 


By  varying  several  parameters— catalyst  identity, 
concentration,  and  pressure,  etc. —  we  were  able  to  increase 
the  yield  of  bundles  of  single-walled  carbon  nanotubes 
produced  via  the  arc-discharge  process.  SEM  images  indicate 
most  favorable  nanotube  formation  at  higher  pressures  (1000 
torr)  with  Ni-Yi  as  catalyst.  We  were  able  to  purify  and 
process  these  nanotube  samples  via  published  techniques  to 
give  carboxylic-acid  terminated  nanotubes  suitable  for  further 
functionalization.  These  processed  nanotubes  were  thiol- 


Nanotube  arrays  are  highly  ordered  nanotubes  grown  in  the 
CVD  process  on  a  substrate  sputtered  by  catalyst  particles. 
The  nanotubes  contained  in  the  array  have  very  controlled 
aspect  ratios— nanotube  length,  diameter,  and  spacing  between 
tubes  and  are  suitable  for  device  fabrication  and  testing.  The 
nanotube  arrays  can  be  mounted  to  the  ends  of  the  fibers  or 
grown  directly  on  the  fiber  tips  in  a  bulk  process,  creating  the 
most  efficient  and  economical  sensor  possible. 
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3.2  Modeling  of  nanotubes 

The  propagation  of  electromagnetic  waves  in  aligned  carbon 
nanotube  structures  was  investigated.  The  carbon  nanotubes 
chosen  for  the  initial  model  are  those  supplied  in  the 
purchased  nanotube  array.  These  tubes  are  highly  conductive 
along  the  direction  of  the  tubes  and  have  an  outer  diameter  of 
about  20  nanometers  and  lengths  of  up  to  5  microns.  The 
average  spacing  between  neighboring  tubes  is  approximately 
20  to  50  nanometers.  A  medium  loaded  with  such  nanotubes 
is  modeled  as  a  region  with  anisotropic  conductivity.  First, 
propagation  of  uniform  plane  waves  in  an  infinite  medium 
with  anisotropic  conductivity  was  investigated.  Two  limiting 
cases  are  considered;  (1)  perpendicular  polarization  for  which 
the  electric  field  vector  is  normal  to  the  direction  of  the  tubes, 
and  (2)  parallel  polarization  where  the  electric  field  is  aligned 
with  the  tubes.  The  latter  case,  in  which  the  anisotropic 
behavior  of  nanotubes  influences  the  propagation  properties 
significantly,  is  of  more  practical  interest  and  will  be  addressed 
in  greater  detail. 

The  reflection  of  a  plane-wave  from  the  boundary  between  a 
nanotube-loaded  region  and  a  homogeneous  and  isotropic 
medium  was  modeled.  The  tubes  are  assumed  to  have  an 
arbitrary  direction,  making  an  angle  with  the  direction  of 
propagation  of  the  incident  wave.  This  situation  may  be 
realized  by  subjecting  the  nanotubes  to  an  external  disturbance 
that  would  cause  bending  of  the  tubes.  The  results  from 
numerical  modeling  predict  that  measurable  changes  in  phase 
angle  and  magnitude  of  the  reflection  coefficient  occur  due  to 
bending  of  nanotubes. 

Alternatively,  using  the  model  equations  information  on  the 
phase  and  magnitude  of  the  reflection  coefficient  may  be  used 
to  obtain  a  measure  of  the  bend  angle  and  in  turn  quantify  the 
external  disturbance  that  has  caused  the  bending  of  nanotubes. 

3.3  Sensor  testing 

To  demonstrate  feasibility  of  the  sensors,  we  performed 
laboratory  scale  tests,  which  mimic  device  response,  and 
performed  an  extensive  modeling  study  to  evaluate  nanotube 
deformation  in  real-flow  environments.  This  modeling 
analysis,  never  before  attempted  with  nanotube-containing 
systems,  represents  a  significant  contribution  to  the  knowledge 
base  of  nanotube  properties. 

3.3.1  Optical  Test  Results.  A  method  was  designed  to 
demonstrate  the  effect  of  the  nanotubes  in  the  electromagnetic 
field  of  a  fiber  surface.  Figure  5  shows  a  schematic  diagram  of 
the  test  arrangement.  Light  from  a  diode  laser  at  a  wavelength 
of  850  nm  was  directed  into  a  singlemode  optical  fiber,  which 
had  been  polished  to  a  45-degree  angle  on  the  remote  end.  An 
air  gap  was  present  immediately  outside  the  45-degree  surface, 
establishing  a  total  internal  reflection  condition  so  that  the 
beam  was  reflected  through  90  degrees,  as  shown  in  the  figure. 
This  reflected  beam  then  propagates  to  the  edge  of  the  fiber, 
where  a  second  air-glass  interface  created  a  reflected  beam  that 
propagates  back  toward  the  45  degree  angled  surface,  where  it 
is  reflected  once  more  through  90  degrees  and  travels 
backwards  through  the  fiber  (2).  At  the  45-degree  surface,  a 


small  amount  of  light  is  scattered  and  guided  backward 
through  the  fiber,  establishing  a  second  reflection  and 
therefore  a  Fabry-Perot  interferometer  (1).  The  two  optical 
reflected  beams,  (1)  and  (2),  are  combined  where  they 
interfere,  creating  the  Fabry-Perot  interference  pattern. 


Evanescent 
field  region 


Figure  5.  Test  set  up  for  evaluation  of  nanotube 
effects  on  optical  signal. 

Since  there  is  no  optical  coating  on  the  45-degree  polished 
surface,  the  phase  and  amplitude  of  the  reflected  beams  may  be 
influenced  by  introducing  other  materials  into  the  evanescent 
field  region,  immediately  outside  the  angled  surface.  The 
evanescent  field  will  have  an  exponentially  decaying  nature, 
and  will  exist  for  all  practical  purposes  only  a  micron  or  two 
away  from  the  surface.  This  is  the  region  where  the  interaction 
will  take  place.  Introduction  of  a  nanotube  sample  into  the 
evanescent  field  would  show  a  phase  shift  in  the  two  reflected 
optical  beams.  Since  beam  (2)  sees  the  45  degree  surface 
twice,  while  beam  (1)  sees  it  only  once,  the  relative  phases  of 
the  two  beams  will  be  altered  by  the  presence  of  the  nanotubes, 
appearing  as  a  change  in  the  Fabry-Perot  fringe  pattern  in  the 
signal  conditioning  unit. 

3.3.2  Nanotube  deflection.  This  skin  friction-measuring 
device  must  be  useful  in  varying  shear  environments.  A 
simple  design  model  was  chosen  for  initial  calculations  and 
based  principally  on  the  deflection  of  nano-tubes  5  microns 
tall.  The  deflection  of  the  nanotubes  causes  a  change  in  the 
electromagnetic  environment  at  the  reflecting  surface  that 
correlates  to  the  shear  environment  experienced  by  the  nano¬ 
tubes.  Nanotube  dimensions  for  this  study  are  described  in 
Figure  6. 


Figure  6.  A  singular  nanotube. 

A  numerical  flow  study  around  a  single  nanotube  was 
performed  to  determine  the  nature  and  magnitude  of  the 
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pressure  and  shear  forces  expected.  Flow  characteristics 
typical  of  subsonic  flight,  air  at  room  temperature  and  pressure 
at  a  velocity  of  300  ft/s  in  a  V2  inch  turbulent  boundary  layer, 
were  used.  The  velocity  profile  of  a  boundary  layer  is 
illustrated  schematically  in  Figure  7.  In  this  study,  the 
boundary  layer  was  2,540  times  the  length  of  the  nanotube, 
placing  the  nanotube  in  a  region  within  the  turbulent  boundary 
layer  known  as  the  laminar  sub-layer  (See  Figure  8).  The 
laminar  sublayer  is  still  7  times  the  nanotube  length. 


Figure  7.  Boundary  Layer  Velocity  Profile. 


Figure  8.  Universal  wall  plot  for  turbulent 
boundary  layers  on  smooth,  solid  surfaces  [4]. 


In  order  to  properly  capture  the  flow  field,  the  defined  domain 
included  the  entire  laminar  sublayer.  The  domain  parameters 
were  non-dimensionalized  using  the  edge  velocity  of  the 
laminar  sub-layer,  the  nanotube  diameter  and  density  at 
standard  temperature  and  pressure.  Analyses  were  performed 
using  ANSYS,  a  commercial,  finite  element/computational 
fluid  dynamics  code.  A  total  of  12,000  elements  were  used  to 
characterize  the  region  with  a  greater  element  density 
concentrated  around  the  nanontube.  Figure  9  and  Figure  10 
are  vector  plots  of  the  velocity  field  resulting  from  this  study. 


Figure  10.  Close-up  of  the  velocity  profile 
around  the  nanotube. 

4.  Conclusions 

For  preliminary  analysis,  the  shear  and  pressure  forces  on  the 
nanotube  were  integrated,  and  applied  to  the  structure  using 
Euler-Bemoulli  beam  theory  to  determine  the  corresponding 
deflection  of  the  nanotube.  In  all  cases,  significant  deflection 
resulted.  Future  studies  will  investigate  flow  in  a  structured 
array  of  nanotubes  under  similar  flow  conditions.  This  will 
allow  for  the  reduction  in  drag  in  the  interior  nanotubes  due  to 
blockage.  A  large-strain  theory  will  be  used  to  determine  tube 
deflection. 
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Abstract 

A  systematic  study  of  acoustic  emission  detection  and  seismic 
activity  sensing  using  fiber  Bragg  grating  sensors  has  been  carried 
out  recently  in  our  laboratory.  In  this,  we  attempt  to  use  the  fiber 
Bragg  grating  to  sense  the  dynamic  strain  created  by  a  passing 
ultrasonic  wave  signal.  Our  goal  here  is  to  see  if  such  a  sensor  is 
possible,  and  if  so,  what  the  detection  sensitivity  and  limitations  will 
be.  To  answer  these  questions,  we  carried  out  several  experiments 
involving  the  detection  of  simulated  acoustic  emission  events.  In  the 
first  experiment,  we  attach  fiber  Bragg  grating  to  the  surface  of  a 
piezoceramic  resonator  which  is  driven  by  a  signal  generator.  We 
were  able  to  detect  the  resulting  surface  vibration  of  the  resonator  up 
to  2.1  MHz.  In  the  second  experiment,  we  attach  a  fiber  Bragg 
grating  to  the  surface  of  an  aluminum  plate.  We  excite  an  acoustic 
wave  using  an  ultrasonic  transducer  located  at  various  positions  of 
the  aluminum  plate.  In  this  way,  we  demonstrated  that  the  fiber 
Bragg  grating  sensor  is  capable  of  picking  up  the  signal  coming 
from  a  distance  (up  to  30  cm)  for  up  to  2.5  MHz.  In  a  third 
experiment,  we  use  the  same  fiber  Bragg  grating  on  aluminum  plate 
set  up,  but  set  up  an  acoustic  signal  by  either  a  gentle  knock  on  the 
plate  by  a  pin,  or  by  breaking  a  pencil  lead  on  the  plate.  We  were 
able  to  detect  acoustic  emission  set  up  by  pencil  lead  breaking  up  to 
a  frequency  of  100  kHz.  Higher  frequency  components  were  not 
detected  mainly  due  to  the  limitations  of  the  available  electronic 
equipment  at  this  time  (high  frequency  bandpass  filters  and 
amplifiers).  In  yet  another  experiment  we  use  the  fiber  Bragg  grating 
to  detect  low-frequency  seismic  activities  set  up  by  vehicular  traffic. 
In  all  the  above-mentioned  experiments  we  use  a  matching  Bragg 
grating  to  demodulate  the  detected  optical  signal  and  use  a  dual 
channel  scheme  for  electronic  data  acquisition  and  processing  (a 
signal  channel  and  a  reference  channel).  Our  experimental  results 
have  shown  great  promise  of  the  fiber  Bragg  grating  as  a  highly 
sensitive  and  accurate  detector  of  vibrations  of  high  and  low 
frequencies.  Furthermore,  with  WDM  technology,  multiple  sensors 
can  be  deployed  with  little  or  no  complication  or  new  requirement. 

Keywords  Fiber  Bragg  grating;  Acoustic  Wave  Emission; 
Structural  Health  Monitoring;  Seismic  Activity  Monitoring. 

1.  Introduction 

We  have  recently  embarked  on  an  experimental 
program  of  using  optical  fiber  Bragg  gratings  to 
detect  acoustic  emission  (AE)  signals.  As  is  well- 


known,  when  cracks  initiate  and  develop  in  a 
structure  due  to  fatigue  and  loading4,  there  are 
always  associated  bursts  of  acoustic  energy  in  the 
form  of  ultrasonic  waves  emanating  from  the 
cracks  and  propagating  through  the  structure. 
Thus,  detection  of  AE  signals  can  give  early 
indication  and  warning  of  structural  failure.  To 
date,  most  AE  detection  apparatus  are  based  on 
application  of  ultrasonic  transducers,  which  is  not 
easily  integrated  into  the  structure  itself  for  in  situ 
detection  and  monitoring.  On  the  other  hand, 
fiber  Bragg  gratings  are  easily  embedded  in  the 
structure  without  affecting  the  structural  integrity 
of  the  structure  itself,  or  surface-mounted 
nonintrusively.  Furthermore,  fiber  gratings  are 
ideal  for  multiple-sensor  applications  as  many  of 
these  gratings  can  be  employed  either  in  series  or 
in  parallel.  In  this  aspect,  many  of  the 
multiplexing  technologies  developed  in  the 
telecommunication  industry  can  be  directly 
applied.  These  include  time  division  multiplexing 
and  wavelength  division  multiplexing.  Thus,  it  is 
reasonable  to  envision  in  the  near  future  of 
embedding  hundreds  of  fiber  Bragg  gratings  on 
an  airplane  wing  to  continuously  monitor  the 
structural  integrity  of  the  wing  in  flight.  To  be 
sure,  there  is  a  multitude  of  technical  challenges 
that  must  be  overcome  to  make  this  a  reality. 
First,  the  detection  sensitivity  must  be  very  high. 
This  is  especially  important  since  AE  events  are 
usually  buried  in  a  noisy  environment,  which  is 
especially  true  in  aerospace  applications. 
Secondly,  detection  speed  must  be  high  enough  to 
capture  instantaneously  most  of  the  frequency 
contents  of  an  AE  signal.  Thirdly,  one  must 
develop  a  sophisticated  computer-based  real-time 
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data  acquisition,  processing,  and  analysis  system 
in  order  for  the  AE  sensors  to  be  truly  effective. 
These  challenges  must  be  overcome  through 
systematic  experimentation  in  conjunction  with 
simulation  and  modeling.  In  this  report,  we 
present  our  recent  work  in  trying  to  answer  some 
of  the  questions  and  overcome  some  of  the 
obstacles  on  the  road  to  fiber  Bragg  grating  based 
AE  detection5. 

2.  Principle  of  Detection 

Our  detection  system  is  based  on  a 
sensor/demodulator  grating  pair  with  the 
demodulator  grating  being  mechanically  tunable. 
Both  gratings  have  nominally  the  same  center 
wavelength  (1300  nm)  under  unloaded 
conditions.  Here,  we  take  advantage  of  the  sharp 
spectral  mismatch  of  the  two  narrow-band 
gratings  with  identical  spectral  widths  (with  full 
width  at  half  maximum  being  0.3  nm.)  Our 
optical  signal  processing  scheme  (see  Figure  1)  is 
designed  for  very  fast  dynamic  strain  signals  (up 
to  a  few  MHz)  and  very  small  amplitude 
(approaching  a  fraction  of  lp.  strain). 

Light  from  a  broadband  light  source  (a  SLED 
from  OptoSpeed,  with  center  frequency  at  1300 
nm  and  a  bandwidth  of  40  nm)  is  launched  into  a 
single  mode  fiber,  which  goes  into  port  1  of  2  x  2 
3dB  coupler.  It  exits  port  2,  which  is  connected  to 
the  sensing  fiber  Bragg  grating.  The  reflected 
light  from  the  fiber  Bragg  grating  enters  another 


Figure  lBlock  Diagram  of  the  experimental  setup. 

3dB  2x2  coupler.  One  of  the  two  exit  ports  of 
the  couplers  is  connected  with  the  demodulating 
fiber  Bragg  grating  and  to  the  photoreceiver.  The 


other  exit  port  is  connected  to  an  identical 
photoreceiver  as  the  reference  leg.  The  output 
signals  from  the  two  photoreceivers  go  through 
band-pass  filters  and  amplifiers  and  are  collected 
by  a  PC  running  LabVIEW,  which  takes  the 
ratios  of  the  two  signals  and  record  and  plot  the 
result  in  real  time  (the  data  acquisition  broad 
from  National  Instrument  has  a  sampling  rate  of 
4MHz  per  channel  for  2  analog  input  channels). 

In  the  following,  we  briefly  discuss  the  physics 
underlying  our  detection  scheme.  Consider  an 
originally  uniform  fiber  optic  Bragg  grating  of 
period  Ao  and  average  refractive  index  no  placed 
in  a  z-dependent  longitudinal  strain  field,  £(z). 
Because  of  this,  both  the  period  of  the  Bragg 
grating  and  the  refractive  index  will  become  z- 
dependent,  with  the  former  given  by  the 
expression 

A(z)  =  A0[l  +  £  (z)] 
and  the  latter  given  by 

n(z)  =  no  {1-1/2  no2  [pi2  -  v(pn  + 
P12)  £  (z)} 

where  pn  and  p n  are  the  photoelastic  constants 
for  the  fiber  and  v  is  the  Poisson’s  ratio.  It  then 
follows  that  the  peak  reflection  wavelength  of  the 
Bragg  grating  A  =  2/?A  also  becomes  z-dependent 

A(z)  =  /l0 (1  +  {1  - 1  /  2/J02 [pn  -viPn  +Pn)]}£(*)) 

where  A0  is  the  grating  peak  reflection 

wavelength  without  strain.  To  use  this  formula 
for  the  present  case  of  silica  glass  fiber,  we  can 
write  the  above  equation  as 

A  =  A0  (1  +  p£) 

where  the  constant  p  =0.78  for  silica  fibers.  Thus 
the  variation  of  the  peak  reflection  wavelength  of 
the  fiber  Bragg  grating  with  respect  to  strain  is 
given  by 

dAI  =  0.78/l0 

Working  at  1300  nm,  for  example,  we  have 
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dXl  <a5?  =  1.014  pm  I  lie 

i.e.,  for  every  microstrain,  there  is  a  shift  of  1.014 
pm  of  the  peak  reflection  wavelength  of  the  fiber 
Bragg  grating. 


The  parameters  relevant  to  the  present 
experiments  are:  peak  reflection  wavelength  of 
both  the  sensing  Bragg  grating  and  the 
demodulating  Bragg  grating  As0  =  Xd0  =1300/?w, 

they  both  have  full  width  at  half  maximum 
(FWHM)  of  0.3  nm,  and  peak  reflectivity 
Rs^~Rd^r}-  0.9,  which  depend  on  the  grating 

length  L,  the  index  modulation  A/?,  and  the 
grating  period  A0 


R=  tanh2(0.8/rA/?— ). 

■^o 

Let  I0  be  the  intensity  of  the  light  source  (which 
for  the  broad-band  light  source  can  be  considered 
constant  near  1300  nm),  T  the  transmission  factor 
which  accounts  for  the  losses  due  to  couplers, 
splices,  connectors,  etc,  the  integrated  intensity  of 
light  at  the  photodetector  with  the  demodulating 
Bragg  grating  is  given  by 

Ssigm,=s0nc/MM)V-RAA)l 

while  the  integrated  light  intensity  at  the 
reference  photodetector  is 


^ 'reference  /0rw,w. 


If  we  choose  Gaussian  beam  profile  for  the 
reflected  light  of  both  the  sensing  and  the 
demodulating  Bragg  gratings, 


vf,W)  =  ^exp(-(LA)=)| 
A  A,. 


RM) = rm  exP(-(~~)2), 

The  light  intensities  at  the  photodetectors  can 
now  be  calculated,  if  we  know  the  reflection  peak 
wavelength  and  the  width  of  the  reflection  peak. 


The  latter  may  be  related  to  the  FWHM  of  the 
reflection  profile. 

3.  Experimental  Results 

3.1  Piezoceramic  Resonators 

To  establish  the  detection  sensitivity  and  speed  of 
the  fiber  Bragg  grating  sensors,  we  performed  a 
series  of  experiments  with  the  sensors  using 
controlled  generation  of  ultrasonic  signal.  The 
latter  was  accomplished  employing  PZT  acoustic 
resonators  driven  by  a  pulse  generator  (Ritec 
RAM- 10000).  The  fiber  gratings  are  glued  to  the 
side  surface  of  the  acoustic  resonator,  so  that 
when  the  resonator  is  set  into  vibration  in  its 
thickness-extension  mode,  the  fiber  grating  is 
stretched  and  shortened  periodically  at  the 
frequency  of  the  acoustic  resonator.  A  super¬ 
radiant  luminescent  light  source  was  employed  to 
send  light  (centered  at  1300  nm,  with  a  spectral 
width  of  30  nm,  and  a  peak  power  of  1.3  mW) 
down  the  fiber.  A  high-speed  photodetector 
converts  the  light  signal  back  to  electrical  signal, 
which  is  displayed  on  a  digital  oscilloscope. 

As  the  PZT  resonators  have  resonant  frequencies 
ranging  from  200  kHz  to  2  MHz,  we  were  able  to 
investigate  the  response  of  our  fiber  Bragg 
grating  sensors  to  AE  signals  over  the  entire 
frequency  domain  mentioned  above.  However, 
the  frequency  response  is  not  uniform  across  the 
frequency  domain,  as  different  resonators  have 
quite  different  resonant  frequency  and 
displacement  characteristics.  Most  of  our  data 
were  taken  near  resonance,  for  the  response  falls 
sharply  away  from  resonance.  For  demodulating 
the  optical  response  signal,  we  used  a  tunable 
matching  fiber  Bragg  grating.  We  found  that  this 
demodulator  is  very  sensitive  to  small  optical 
intensity  change  at  extremely  high  speed. 


To  investigate  the  full  range  of  parameter  space, 
several  PZT  resonators  of  different  thickness 
(thus  different  resonant  frequencies)  were 
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employed.  Likewise,  fiber  Bragg  gratings  of 
various  gage  lengths  were  used. 

Experimental  data  were  taken  in  the  form  of 
photoreceiver  voltage  response  to  the  light  signal. 
In  this,  only  the  AC  component  is  recorded  (the 
DC  voltage,  of  the  order  of  several  volts,  carries 
no  direct  information  on  the  AE  signal.)  The  data 
taking  commences  when  a  trigger  signal  is 
received  from  the  pulse  generator,  which  is 
clocked  to  coincide  with  the  onset  of  the 
sinusoidal  wave  train.  Typically,  about  10  cycles 
of  sinusoidal  voltage  wave  is  applied,  with  typical 
amplitude  of  10  to  100  volts.  Figure  2  shows  a 
typical  waveform  of  the  signal,  the  trigger,  and 
the  response,  at  a  frequency  of  355  kHz. 

Figure  2  Pulse  signal,  trigger,  and  response  at  355  kHz. 


AE  Detection  at  355  kHz 


3.2  Experiments  with  ultrasonic  transducer 
and  aluminum  plate 

In  a  second  experiment  we  replaced  the  PZT 
resonators  with  an  aluminum  plate  of  dimension 
24  □  x  12  □  x  □.  We  bonded  a  fiber  Bragg  grating 
sensor  on  the  top  surface  of  the  aluminum  plate. 
A  sound  wave  is  launched  into  the  plate  by  an 
ultrasonic  transducer  in  contact  with  the  top 
surface  of  the  plate.  The  rest  of  the  experimental 
setup  is  the  same  as  described  earlier  in 
conjunction  with  the  PZT  resonator  experiments. 
The  ultrasonic  transducer  is  driven  by  the  Ritec 
RAM 10000  pulse  generator.  In  order  to 
determine  the  sensitivity  of  the  fiber  Bragg 
grating  sensor  we  varied  the  distance  between  the 
fiber  Bragg  grating  sensor  and  the  ultrasonic 


transducer.  Furthermore,  in  order  to  assess  the 
directional  dependency  of  the  detection 

sensitivity  we  also  varied  the  direction  of 
propagation  of  the  sound  wave  relative  to  the 
direction  of  the  fiber  Bragg  grating.  Specifically, 
measurements  were  made  along  three  straight 
lines  connecting  the  fiber  Bragg  grating  and  the 
ultrasonic  transducer.  Line  a  is  perpendicular  to 
the  direction  of  the  fiber  Bragg  grating;  line  b  is 
at  45-degree  angle  with  respect  to  the  direction  of 
the  grating;  line  c  is  parallel  to  the  direction  of  the 
grating. 

The  output  signal  from  the  photodetector  is 
amplified  by  a  preamplifier  (40  dB  gain)  followed 
by  an  amplifier  (20  dB  gain).  Clear  signals  can  be 


AE  Detection  at  500  kHz 


Time  (100  microseconds  full  scale) 


detected  at  the  maximum  separation  allowed  by 
Figure  3Detection  of  acoustic  emission  signal  at  500  kHz.  The 
fiber  Bragg  grating  detection  is  at  a  distance  of  5  cm  from  the 
ultrasonic  transducer. 

the  aluminum  configuration  (~  30  cm).  We  used 
transducers  of  various  center  frequencies  (up  to  5 
MHz)  but  most  concentrated  in  the  spectral 
region  from  300  kHz  to  1  MHz. 

In  Figure  3,  we  show  a  typical  waveform  of 
acoustic  signal  produced  at  500  kHz  and  its 
corresponding  response  from  the  fiber  Bragg 
grating  sensor. 
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3.3  Experiments  with  pencil  lend  breaking 
and  aluminum  plate 

In  a  last  set  of  experiments  we  attempted  to  detect 
acoustic  emission  signal  generated  by  breaking  a 
pencil  lead  on  the  aluminum  plate  described  in 
Section  5.  We  were  able  to  detect  the  AE  signal’s 
frequency  components  up  to  30  kHz,  mainly 
limited  by  available  electronic  filters  and 
amplifiers  beyond  that.  We  were  able  to  detect 
AE  signal  generated  by  pencil  lead  breaking 

***P«im  to  At  from  Pencil  Load  Braking 


Figure  4  Fiber  Bragg  grating  detector  response  to  a  pencil  lead 
breaking  event.  The  bandpass  filter  is  set  at  30  kHz. 


on  the  aluminum  plate  on  which  the  fiber  Bragg 
grating  detector  was  bonded.  A  typical 
photodetector  response  is  shown  in  Figure  4.  In 
obtaining  this  result,  the  electronic  bandpass 
filter’s  center  frequency  was  set  at  30  kHz,  and 
the  total  electronic  gain  was  80  dB. 

4.  Conclusions 

We  have  performed  a  series  of  experiments  to 
test  the  feasibility  and  limitation  of  using  optical 
fiber  Bragg  gratings  to  detect  acoustic  emissions. 
These  experiments  differ  mainly  from  one 
another  in  the  way  the  acoustic  emission  signal 


was  generated.  In  the  first  experiment,  it  was 
generated  by  piezoceramic  resonators;  in  the 
second  experiment,  it  was  generated  by  ultrasonic 
transducers;  and  in  the  third  experiment,  it  was 
generated  by  pencil  lead  breaking.  Our 
experiments  show  that  dynamical  strain  of  a 
fraction  of  1  (x  strain  and  frequency  of  the  order 
of  1  MHz  is  detectable  with  our  fiber  optic  Bragg 
grating  sensor. 

In  conclusion,  we  have  obtained  very  promising 
experimental  evidence  that  fiber  Bragg  gratings 
may  be  used  to  detect  acoustic  emission  events. 
This  detection  method  is  very  sensitive,  highly 
reliable,  and  can  be  easily  adapted  to  structural 
monitoring.  As  this  study  is  still  preliminary,  we 
hope  to  report  more  in-depth  investigation  of  AE 
detection  using  fiber  Bragg  gratings  in  the  near 
future. 
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Abstract 

Multimode  fibers  optimized  for  850  nm  transmission  are 
increasingly  referenced  and  used  by  applications,  cabling,  and 
fiber  standards.  Such  fibers  enable  the  lowest  total  system  cost 
for  interconnects  between  150  to  600  meters  by  using  low-cost 
850  nm  VCSEL  transceivers  at  speeds  up  to  10  Gb/s.  The  fiber 
measurement  technology  used  to  guarantee  operation  evolved 
over  time  to  address  higher  transmission  rates.  We  describe  and 
compare  three  key  fiber  measurements:  Overfilled  Bandwidth 
(OFLBW),  Restricted  Mode  Launch  Bandwidth  (RMLBW)  and 
Differential  Mode  Delay  (DMD).  Multimode  fiber  properties 
such  as  mode  groups,  modal  delays  and  bandwidth  are  explored, 
as  well  as  the  interaction  between  optical  fiber  and  sources  such 
as  Light  Emitting  Diodes  (LEDs)  and  Vertical  Cavity  Surface 
Emitting  Lasers  (VCSELs).  We  touch  on  system  properties  such 
as  mode  power  distribution,  encircled  flux,  and  Effective  Modal 
Bandwidth  (EMB).  Finally,  we  show  that  the  evolution  from 
OFLBW  to  DMD  has  been  a  result  of  the  requirement  to 
measure  more  precisely  the  fiber  properties  that  directly  affect 
transmission  when  used  with  devices  such  as  VCSELs.  This 
paper  draws  on  data  from  Telecommunications  Industry 
Association  (TIA)  working  group  F02.2.1  with  reference  to 
specific  documents  that  standardize  the  relevant  measurement 
procedures,  fiber  and  source  specifications,  and  applications 
within  the  US  and  International  standards  bodies. 


2.  Multimoded  Transmission 

Light  travels  through  multimode  fiber  in  modes.  A  multimode 
fiber,  by  definition,  is  a  fiber  where  more  than  one  mode  travels 
and  typically  the  number  of  individual  modes  is  on  the  order  of 
100  to  1000.  Each  mode  is  an  independent,  self-supporting, 
electromagnetic  field  that  propagates  axially  along  an  optical 
fiber  independent  of  all  other  modes.  Modes  are  identified  in 
LPn,m  nomenclature  in  accordance  with  a  convention  for 
describing  field  shape  of  linearly  polarized  modes.  In  accordance 
with  this  nomenclature,  "n"  is  the  azimuthal  mode  number  and 
"m"  is  the  radial  mode  number. 

Graded  index  multimode  fibers  used  in  transmission  systems 
typically  have  index  profiles  described  by  equation  (1).  The 
exponent  a  is  tuned  to  make  modes  arrive  at  nearly  the  same 
time  at  a  particular  wavelength. 


2.1 


m  is  the  index  in  the  center  of  the  core 
A  is  the  index  difference  between  the  core  and  the  clad 
r  is  the  radial  position 
a  is  the  core  radius 

a  is  the  grading  parameter  typically  between  1.7  and 
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1.  Introduction 

The  advent  of  Gigabit  Ethernet  in  the  late  1990’s  ushered  in  the 
age  of  850  nm  VCSELs  to  replace  slower  LEDs  as  the 
transmitter  of  choice  on  multimode  fiber  datacom  links. 
VCSELs  excite  fiber  very  differently  than  LEDs  and  precipitated 
new  performance  measurements  that  better  qualify  fiber  to 
support  these  laser-based  systems.  Early  attempts  have  evolved 
into  sophisticated  measurements  that  reveal  a  detailed  picture  of 
the  modal  propagation  properties  of  fiber  and  expand  its 
application  capability. 


For  a  values  near  2,  the  index  profile  becomes  parabolic. 

The  number  of  modes  that  propagate  in  a  multimode  fiber  are 
given  by  equation  (2)  below  [2]: 


M  is  the  number  of  modes 

X  is  the  wavelength  of  light  propagating  in  the  fiber 

Mode  groups  consist  of  multiple  modes,  for  all  but  the  single¬ 
member  fundamental  mode  group,  of  the  same  axial  phase 
velocity.  As  such,  the  hundreds  of  individual  modes  actually 
propagate  in  relatively  few  mode  groups.  For  example,  in  a  50 
jxm  fiber  with  a  0.20  numerical  aperture,  only  19  mode  groups 
exist,  of  which  the  lower  17  propagate.  Higher  order  mode 
groups  consist  of  more  modes  than  do  those  of  lower  order. 
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Depending  on  the  index  profile  of  the  fiber  and  the  wavelength 
of  light,  inodes  groups  may  travel  at  different  velocities.  The 
difference  in  travel  time  is  called  the  differential  mode  delay 
(DMD).  Multimode  fibers  are  designed  to  minimize  this  delay 
difference  so  that  light  pulses  remain  compact  for  as  long  as 
possible  permitting  differentiation  of  subsequent  pulses  when 
they  exit  the  fiber.  DMD  causes  the  transmitted  pulse  to  spread 
out,  or  disperse,  in  time  as  shown  in  Figure  1 . 


Figure  1.  Modal  Dispersion 

In  a  graded  index  fiber,  the  modes  that  travel  nearest  the  center 
of  the  core  are  subject  to  a  higher  effective  index  than  are  those 
that  travel  the  longer  paths  through  the  outer  portions  of  the  core. 
When  the  profile  is  optimized,  the  varying  index  equalizes  the 
travel  time  of  all  mode  groups,  and  DMD  is  minimized. 

Modal  bandwidth  is  one  measure  that  characterizes  the  effect  of 
pulse  broadening  in  a  fiber.  The  longer  the  fiber  is  the  more  the 
pulse  broadens  and  the  lower  the  bandwidth  will  be.  This  length 
dependence  is  captured  in  the  unit  of  measure,  which  is 
MHzkm. 


Modal  bandwidth  can  depend  strongly  on  the  power  distribution 
among  the  modes,  as  the  output  signal  shape  is  the  sum  of  the 
arrival  time  of  each  mode  group  weighted  by  the  fraction  of  the 
signal  energy  it  carries.  Thus  different  weights  can  lead  to 
different  pulse  shapes  and  band  widths. 


DMD  can  also  be  used  to  quantify  a  fiber’s  modal  bandwidth.  By 
bounding  the  difference  in  propagation  times  between  all  modes 
carrying  significant  signal  energy,  a  lower  bandwidth  limit  is 
established  for  launches  that  are  confined  to  the  bounded  modes. 


In  addition  to  modal  dispersion  just  discussed,  the  signal  also 
broadens  due  to  chromatic  dispersion.  Chromatic  dispersion 
occurs  because  the  index  of  refraction  of  glass  changes  with 
wavelength,  and  therefore  the  various  spectral  components  of  the 
signal  travel  at  different  velocities.  The  modal  and  chromatic 
bandwidths  combine  quadratically  to  give  the  fiber’s  system 
bandwidth  as  shown  in  equation  (3).  System  link  models 
account  for  the  effects  of  both  modal  and  chromatic  dispersion. 
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Various  types  of  sources  have  different  spectral  widths  and 
therefore  induce  different  amounts  of  chromatic  dispersion. 
Typical  LEDs  have  broad  spectra  around  50  nm  (rms)  wide, 
while  lasers  have  relatively  narrow  spectra  around  1  nm  wide. 
Thus  LEDs  cause  much  greater  chromatic  dispersion.  Practical 
LED  transmitters  cannot  modulate  at  gigabit  data  rates;  therefore 


systems  employ  lasers  at  speeds  where  the  LED’s  chromatic 
bandwidth  would  otherwise  become  the  limiting  factor. 

3.  Measurement  of  Modal  Bandwidth 

Fiber  based  datacom  systems  have  evolved  from  10  Mb/s  to  10 
Gb/s.  The  modal  excitation  of  the  fiber  changed  markedly  as 
LEDs  gave  way  to  lasers.  Since  modal  bandwidth  is  highly 
dependent  on  the  mode  power  distribution,  the  industry 
developed  new  bandwidth  measurements  better  suited  to  the 
sources. 


There  are  two  domains  in  which  bandwidth  can  be  measured. 

One  way,  shown  in  Figure  2,  is  in  the  time-domain.  Here  a  pulse 

of  light  is  launched  into  one  end  of  the  fiber  and  the  temporal 

response  of  the  output  is  measured.  Conversion  into  the 

frequency  domain  reveals  the  bandwidth  from  the  transfer 

function  H(f),  defined  as  the  earliest  frequency  at  which  the 

amplitude  drops  3  dB  below  the  amplitude  at  zero  frequencv 
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Po(0  =  H(f)Pi(f) 

where: 

P,(f)  =  Fourier  transform  of  the  input  pulse 
PoW  =  Fourier  transform  of  the  output  pulse 
H(f)  =  fiber  transfer  function 


Figure  2.  Time-Domain  Measurement 

The  second  method,  shown  in  Figure  3,  describes  the  frequency- 
domain  method  of  measuring  bandwidth.  A  source  is  modulated 
over  a  band  of  frequencies  while  monitoring  the  output  power, 
P0.  The  bandwidth  is  defined  as  the  earliest  frequency  where  the 
optical  power  drops  by  3  dB. 


Frequency  (MHz) 

Figure  3.  Frequency-Domain  Measurement 

Both  the  time-domain  and  frequency-domain  methods  give 
comparable  results.  The  critical  feature  of  either  method  for 
extracting  meaningful  bandwidth  data  is  the  launch  condition.  To 
provide  bandwidth  values  that  accurately  predict  performance, 
the  launch  condition  must  be  similar  to  that  of  the  system 
transmitter. 
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The  type  of  transmitter  employed  for  multimode  fiber  datacom 
systems  depends  on  the  data  rate.  LEDs  are  used  up  to  100  Mb/s. 
Between  100  and  622  Mb/s,  systems  employ  both  LEDs  and  850 
nm  VCSELs.  Above  622  Mb/s  LEDs  give  way  entirely  to 
VCSELs. 

An  overfilled  launch  condition  emulates  the  modal  excitation  of 
LEDs.  The  launch  places  equal  power  into  each  mode  by 
uniformly  illuminating  the  fiber  by  a  source  of  higher  numerical 
aperture  and  larger  area  than  the  fiber  being  measured, 
essentially  flooding  the  core  with  light.  The  so-called  overfilled 
bandwidth  (OFLBW)  is  the  original  measurement  condition 
standardized  in  the  80's  and  is  useful  for  LED-based  systems  at 
data  rates  up  to  622  Mb/s. 

Bandwidth  measurements  for  systems  above  622  Mb/s  require  a 
launch  condition  emulating  VCSELs.  These  devices  have  a 
lower  numerical  aperture  and  smaller  area  then  LEDs.  VCSELs 
launch  into  only  a  portion  of  the  modes  and  their  mode  power 
distribution  (MPD)  can  be  highly  non-uniform  and  highly 
variable,  leading  to  large  bandwidth  variability  [11].  Figure  4 
depicts  the  mode  power  distributions  of  two  LEDs  and  seventeen 
1  Gb/s  850  nm  lasers  used  in  a  Telecommunication  Industry 
Association  (TIA)  study.  While  both  LEDs  closely  approximate 
an  overfilled  MPD,  the  large  variation  amongst  laser  sources  is 
easily  seen.  Thus  finding  a  single  launch  condition  representative 
of  such  sources  proves  elusive. 


The  restricted  modal  launch  bandwidth  (RMLBW)  measurement 
developed  for  62.5  pm  fiber  in  the  late  90’s  was  an  attempt  to 
emulate  these  sources  [3].  The  specific  launch  condition, 
prescribed  in  TIA  FOTP-204  [5],  was  found  to  correlate  on  62.5 
pm  fiber  to  a  subset  of  possible  VCSEL  launches  as  defined  by 
limits  on  the  encircled  flux  (EF)  of  the  transmitter  as  measured 
by  TIA  FOTP-203  [4],  However,  these  corresponding  EF 
specifications  were  not  adopted  by  any  application  standard. 

To  address  the  needs  of  10  Gb/s  VCSEL  applications,  TIA  F02.2 
examined  alternate  ways  to  characterize  fiber  bandwidth.  Data 
on  various  individual  launch  conditions  were  compared  to  a 
method  of  extracting  bandwidth  from  a  DMD  measurement.  Part 
of  the  results  of  that  study  is  shown  in  Figure  5.  The  minimum 
effective  modal  bandwidth  (EMB)  requirement  for  fibers  to 
support  the  300-m  link  length  for  10-Gigabit  Ethernet  is  2000 
MHz-km.  Plotted  on  the  left  are  the  EMBs  of  twenty-one  10  Gb/s 
VCSELs  when  launched  into  one  of  the  fibers  in  the  study.  Five 
of  these  sources  produced  EMB  below  the  minimum  requirement 
indicating  the  fiber  should  not  be  considered  compliant.  On  the 
right  are  the  bandwidth  predictions  from  DMD  and  four  other 
launch  conditions.  Only  the  DMD  method  predicted  performance 
below  the  requirement  and  rejected  this  fiber.  The  others  all 
indicated  a  passing  performance  for  the  fiber.  F02.2  concluded 
that  DMD  provided  the  most  reliable  results  and  standardized 
the  method  in  TIA  FOTP-220  [6]. 
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Figure  4.  Mode  Power  Distribution  of  1-Gb/s  Sources 
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Measured  Effective  Modal  Bandwidth 
of  21  10-Gb/s  850-nm  VCSELs 
from  5  companies  on  the  “violet”  fiber 


Predicted  Effective  Modal  Bandwidth 
on  the  “violet”  fiber 
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Figure  5.  Predictive  Capability  of  Various  TIA  Proposals 


While  DMD  had  been  used  as  a  process  control  technique  for 
many  years,  the  standardized  method  of  FOTP-220  required 
refinement  of  this  process  [12,  13].  One  of  the  major 
improvements  developed  by  OFS  (then  Bell  Labs)  in  the 
standardized  DMD  measurement  was  the  use  of  a  singlemode 
launch  condition,  which  enabled  resolution  of  low-order  mode 
behavior  previously  invisible  to  the  commonly  used  process 
control  implementation  of  the  measurement.  Low-order  mode 
behavior  becomes  critically  important  for  10  Gb/s  VCSELs  as 
they  can  couple  efficiently  into  these  modes. 


The  DMD  technique  is  depicted  in  Figure  6.  A  singlemode  850 
nm  probe  is  scanned  at  small  radial  increments  across  the  core  of 
the  multimode  fiber  under  test.  At  each  position  the  temporal 
response  to  a  short  impulse  is  recorded.  After  removal  of  the 
reference  pulse  temporal  width,  the  DMD  temporal  width  is 
determined  at  the  25%  threshold  level  between  the  first  leading 
edge  and  the  last  trailing  edge  of  all  traces  encompassed  between 
specified  radial  positions.  In  Figure  6  these  radial  positions 
encompass  the  entire  scanned  range. 


DMD  Scanning  Process 
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Figure  6.  DMD  Measurement 
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Equation  4  provides  a  handy  approximation  of  the  mode  group  of 
maximal  excitation,  m,  as  a  function  of  radial  scan  position  [1]. 


by  a  transmitter.  The  near  field  is  converted  into  an  encircled 
flux  distribution  by  circular  integration  as  shown  in  equation  5. 

r 

EF(r)  =  J  I(r)2Krdr  (5) 

o 


Figure  7  illustrates  the  mode-group  resolution  capabilities  of  the 
DMD  method.  The  fiber  measured  therein  is  nearly  optimized  at 
1300  nm,  so  the  850  nm  DMD  scan  shows  a  fairly  regular 
separation  of  the  mode  groups  except  near  18  pm  offset  where, 
for  this  fiber,  a  few  mode  groups  have  nearly  equal  delay.  The 
fundamental  mode  is  clearly  seen  dominating  the  scans  below  r  = 
4  pm.  Individual  members  of  the  collections  of  few  low-order 
mode  groups  peak  and  fade  as  the  scan  advances  through  1 0  pm. 
Larger  collections  of  mode  groups  contribute  to  the  signal 
throughout  the  mid-  and  high-order  as  the  scan  advances  further. 


Figure  7.  DMD  Resolution 

4.  Establishment  of  Specifications  for  10 
Gb/s  Operation 

TIA  F02.2  realized  during  the  work  on  1  Gb/s  applications  that 
to  create  the  most  cost-effective  solution  the  industry  would  need 
to  agree  on  mutually  compatible  specifications  for  the 
transmitters  and  fibers.  So  proposals  included  both  fiber 
specifications  and  transmitter  launch  conditions. 

OFS  proposed  a  10  Gb/s  fiber  specification  using  DMD  to 
constrain  the  modal  delays  to  values  less  than  the  bit  period  for 
those  modes  carrying  significant  power.  This  concept  is  based 
on  the  observation  that  if  all  modes  excited  by  the  DMD 
measurement  over  appropriate  radii  lie  within  a  period  of  time 
related  to  the  bit  interval,  then  the  fiber  should  provide  sufficient 
bandwidth  no  matter  what  subset  of  modes  is  excited  within 
those  radii.  Transmitters  would  be  required  to  launch  into 
modes  corresponding  to  the  prescribed  radii. 

Out  of  the  1  Gigabit  effort  emerged  a  new  measurement 
procedure,  FOTP-203,  for  qualifying  the  transmitter  launch 
condition.  FOTP-203  prescribes  a  method  of  measuring  the  near 
field  intensity,  I( r),  of  the  power  coupled  into  a  multimode  fiber 


Using  the  EF  metric,  boundaries  on  launch  conditions  may  be 
established  that  provide  allowances  for  fiber  manufacturing. 
Fiber  manufacturers  requested  that  the  sources  not  place  too 
much  power  in  the  very  lowest-order  modes  or  in  the  very 
highest-order  modes. 

F02.2  extensively  modeled  and  simulated  the  system  using 
modal  theory  that  accounted  for  laser-fiber  interactions  and  the 
effects  of  mode  mixing  at  offset  connections  [8,  9,  10].  Figure  8 
displays  a  block  diagram  of  the  simulation.  The  specifications 
that  emerged  are  documented  in  the  50-pm  fiber  detailed 
specification,  TIA-492AAAC  and  are  repeated  here  in  Tables  1 
and  2  [7]. 
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Figure  8.  Simulation  Block  Diagram 


Table  1.  DMD  Specifications  for  2000  MHzkm  EMB 


Fiber  shall  meet  at  least  one  of  the  following  six  DMD  templates 

Template  number 

Inner  mask  DMD 
for  Rinner  =  5  pm 
to  Router  —  1 8  pm 
(ps/m) 

Outer  mask  DMD 
for  Rinner  =  0  pm 
to  Router  =  23  pm 
(ps/m) 

1 

<0.23 

<0.70 

2 

<0.24 

<0.60 

3 

<0.25 

<0.50 

4 

<0.26 

<0.40 

5 

<0.27 

<0.35 

6 

<0.33 

<0.33 
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Table  2.  Transmitter  Specifications  into  50-pm 
Fiber 

Encircled  Flux  at  4.5  urn  radius  <  30% 

(limits  low-order  mode  excitation) 

Encircled  Flux  at  19  pm  radius  >  86% 

(limits  high-order  mode  excitation) 

Center  wavelength  (Ax:):  840  <  Ac  <  860  nm 
(operate  near  nominal  measurement  wavelength) 


The  collection  of  DMD  templates  provides  an  allowance  for  fiber 
manufacturing  based  on  simulation  results,  which  showed  that 
constraints  on  the  modes  carrying  little  energy  could  be  relaxed 
as  constraints  on  modes  carrying  the  bulk  of  power  are  tightened. 
The  inner  mask  is  permitted  to  float  temporally  within  the  outer 
mask.  This  concept  is  depicted  in  Figure  9. 
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Figure  9.  Inner  Mask  Floats  within  Outer  Mask 


The  interlocking  radial  correspondence  between  the  transmitter 
EF  specification  and  the  fiber  DMD  specification  is  depicted  in 
Figure  10. 


Figure  10.  DMD  to  EF  Correspondence 

The  bulk  of  the  mode  power  distribution  lies  within  the  tightly 
constrained  radial  extent  of  the  inner  mask.  The  region 


measured  by  the  DMD  probe  actually  extends  beyond  the  radial 
prescriptions  of  the  masks  because  the  singlemode  probe  has 
significant  radius.  At  850  nm,  the  mode  field  diameter  of  the 
singlemode  probe  fiber  is  approximately  5  pm. 

5.  Standards  and  Industry  Adoption 

TIA  F02.2  worked  closely  with  application  standards  bodies 
during  the  development  of  these  fiber  and  transmitter 
specifications  that  enable  10  Gb/s  serial  transmission  to  300 
meters  using  850  nm  VCSELs.  This  coincided  with  the 
development  of  10-Gigbit  Ethernet  by  IEEE  802.3,  10-Gigabit 
Fibre  Channel  by  ANSI  NCITS  T1 1.2,  and  OC-192  VSR-4  by  the 
Optical  Internetworking  Forum  (OIF).  Each  of  these  applications 
adopted  both  the  new  fiber  specifications  and  compatible 
transmitter  launch  conditions  [14,  15,  16].  This  suite  provides 
solutions  spanning  the  LAN  (Local  Area  Network),  SAN 
(Storage  Area  Network),  and  CO  (Central  Office)  markets. 

The  cabling  industry  also  embraced  the  new  fiber  detailed 
specifications  by  referencing  it  within  addenda  to  structured 
cabling  standards  like  TIA  568B  [17], 

Equivalent  international  standards  are  emerging  within  the 
International  Electrotechnical  Commission  (IEC)  and 
International  Organization  for  Standardization  (ISO).  IEC  PAS 
60793-1-49  mirrors  TIA’s  DMD  test  procedure,  FOTP-220  [18], 
Draft  IEC  60793-2-10  Edition  2  contains  the  fiber  specifications 
from  TIA  492AAAC  [19].  And  ISO/IEC  11801  2nd  Edition 
assigns  these  new  fiber  specifications  to  a  new  multimode  fiber 
level  of  performance  called  OM3  [20]. 

Figure  1 1  diagrams  the  relational  interdependence  between  all  of 
these  standards.  The  measurement  standards  provide  the 
foundation  upon  which  the  fiber  specifications  rest.  Cabling 
standards  reference  the  fiber  specifications,  which  in  turn 
support  the  applications  standards. 
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Figure  11.  Standards  Interdependence 

Today,  major  fiber  manufacturers  sell  the  new  high-performance 
50-pm  fiber  verified  using  the  DMD  test  procedure,  and  several 
cable  manufacturers  offer  this  fiber  within  new  cables.  Already 
850  nm  VCSEL-based  transceivers  with  compatible  launch 
conditions  appear  in  10  Gb/s  Ethernet  products,  and  these  are 
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offered  at  the  lowest  prices  among  the  transceiver  alternatives  by 
wide  margin  [21]. 

End-users  find  this  new  fiber  solution  attractive  not  only  to 
ensure  easy  migration  to  10  Gb/s  applications,  but  to  also  support 
existing  applications  to  extended  reaches.  Table  3  lists  the 
distances  supported  by  OFS  for  its  TIA-492AAAC  compliant 
fibers  based  on  worst-case  analysis  using  the  IEEE  802.3  link 
model. 


Table  3.  Supportable  Distance  (m)  Comparison 


Application 

LaserWave™  300 

Standard  62.5  pm 

Ethernet 

1500 

2000 

Fast  Ethernet 

2000 

2000 

Gigabit  Ethernet 

1000 

275 

10  Gig  Ethernet 

300 

33 

1  Gig  Fibre  Channel 

900 

300 

2  Gig  Fibre  Channel 

550 

150 

4  Gig  Fibre  Channel 

300 

70 

10  Gig  Fibre  Channel 

300 

33 

Token  Ring 

1500 

2000 

FDDI 

2000 

2000 

155  Mb/s  ATM 

2000 

2000 

622  Mb/s  ATM 

300 

300 

10  Gig  OIF 

300 

25 

Supporting  a  300-m  minimum  distance  across  all  applications 
listed  in  Table  3  addresses  over  92%  of  customer’s  in-building 
backbone  needs  according  to  a  survey  conducted  by  the  IEEE 
shown  in  Figure  12,  and  positions  the  fiber  as  a  universal  media. 


IEEE  survey  of  107  U.S.  companies 
of  diverse  size,  location,  and  industry 
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Figure  12.  In-Building  Backbone  Distances 


6.  Conclusions 

Through  refined  measurements  of  fiber  modal  propagation 
properties,  the  fiber  industry  in  cooperation  with  the  transceiver 
industry  has  succeeded  in  providing  a  robust  solution  for  the 
cost-sensitive  short-reach  market  that  supports  low-cost  serial 
transmission  on  advanced  multimode  fiber.  Broad  industry 
acceptance,  standards  backing,  and  support  for  major  LAN,  SAN 
and  CO  applications  assure  end-users  that  850  nm  laser- 
optimized  50  pm  fiber  is  a  wise  choice  for  datacom  services. 

7.  Acknowledgments 

The  authors  would  like  to  extend  special  thanks  to  A.  John 
Ritger  of  OFS,  Norcross  GA  and  Steven  Golowich  of  Lucent 
Technologies  Bell  Laboratories,  Holmdel  NJ  for  their  invaluable 
contributions  towards  the  success  of  the  DMD-based  fiber 
performance  specification. 

8.  References 

[1]  Robert  Olshanksy  and  Susan  M.  Oaks,  Differential  Mode 
attenuation  Measurements  in  Optical  Fibers  Applied  Optics 
17,  1830  (1978). 

[2]  D.  Gloge  and  E.A.  J.  Marcatili,  Multimode  Theory  of 
Graded  Core  Fibers,  Bell  System  Technical  Journal  Vol 
52(9)  pp  1563-  1578,(1973). 

[3]  TIA  TSB62-20,  "Enhanced  Bandwidth  Performance  over 
Laser-Based,  Multimode  Fiber  Local  Area  Networks" 
(February  2001). 

[4]  FOTP-203  (TIA-455-203),  "Launched  Power  Distribution 
Measurement  for  Graded  Index  Multimode  Fiber 
Transmitters"  (June  2001). 

[5]  FOTP-204  (TIA-455-204),  "Measurement  of  Bandwidth  on 
Multimode  Fiber"  (December  2000). 

[6]  FOTP-220  (TIA-455-220)  “  Differential  Mode  Delay 
Measurement  of  Multimode  Fiber  in  the  Time  Domain” 
(December  2001). 

[7]  TIA-492AAAC  “Detailed  Specification  for  850  nm  Laser- 
Optimized  50-pm  Core  Diameter/ 125-pm  Cladding 
Diameter  Class  la  Graded-Index  Multimode  Optical  Fiber” 
(March  2002). 

[8]  S.  E.  Golowich,  P.  F.  Kolesar,  A.  J.  Ritger,  and  P. 
Pepeljugoski,  "Modeling  and  Simulations  for  10  Gb 
Multimode  Optical  Fiber  Link  Component  Specifications", 
OFC  2001,  paper  WDD57. 

[9]  M.  Wegmuller,  S.  Golowich,  G.  Giaretta,  and  M.  Nuss, 
"Evolution  of  the  Beam  Diameter  in  a  Multimode  Fiber 
Link  Through  Offset  Connectors"  IEEE  Photonics 
Technology  Lett .,  Vol.  13,  No.  6,  p574  (June  2001). 

[10]  P.  Pepeljugoski,  S.  E.  Golowich,  "Measurements  and 
simulations  of  intersymbol  interference  penalty  in  new  high 


International  Wire  &  Cable  Symposium 


459 


Proceedings  of  the  51st  IWCS 


speed  50  pm  multimode  fiber  links  operating  at  10  Gb/s", 
OFC  2001,  paper  WDD40. 

[1 1]  A.  J.  Ritger,  “Use  of  Differential  Mode  Delay  in  Qualifying 
Multi-Mode  Optical  Fiber  for  10  Gbps  Operation”,  OFMC 
(2001). 

[12]  M.  J.  Buckler,  J.  W.  Shiever,  F.  P.  Partus,  "Optimization  of 
Multimode  Fiber  Bandwidth  via  Differential  Group  Delay 
Analysis",  Conference  Digest  ECOC  ’80,  p33,  York  (1980). 

[  1 3]  D.  Marcuse,  Optical  Fiber  Measurements,  Academic  Press, 
New  York,  p288  (1981). 

[14]  IEEE  802.3  “Supplement  to  Carrier  Sense  Multiple  Access 
with  Collision  Detection  (CSMA/CD)  Access  Method  & 
Physical  Layer  Specifications  -  Media  Access  Control 
(MAC)  Parameters,  Physical  Layer,  and  Management 
Parameters  for  10  Gb/s  Operation”  (June  2002). 

[15]  10  Gigabit  Fibre  Channel  (10GFC),  NCITS  xxx-200x,  T1 1 
Project  141 3-D,  Rev.  3.0  (April  10,  2002). 


Paul  F.  Kolesar  is  a  Distinguished  Member  of  Technical  Staff 
at  OFS,  791  Holmdel-Keyport  Rd,  Holmdel,  NJ.  He  actively 
contributes  to  the  development  of  industry  standards  on  fiber 
optics  and  originated  the  concept  of  850  nm  laser-optimized 
multimode  fiber.  He  holds  issued  and  pending  patents  on 
optical  patch-panel  design  and  high-speed  multimode 
transmission  and  an  MSEE  degree  from  Fairleigh  Dickinson 
University. 


[  1 6]  OIF-VSR4-04.0  “  Serial  Shortwave  VSR  Interface  for 

Multimode  Fiber”,  Optical  Internetworking  Forum  (January 

2001). 

[17]  ANSI/TIA/EIA-568-B. 3-1-2002  “Optical  Fiber  Cabling 
Components  Addendum  1  —  Additional  Transmission 
Performance  Specifications  for  50/125  pm  Optical  Fiber 
Cables”  (April  2002). 

[18] IEC  PAS  60793-1-49:  “Optical  fibre  -  Part  1-49  : 
Measurement  methods  and  test  procedures  -  Differential 
Mode  Delay”  (May  2002). 

[19]  IEC  60793-2-10  Ed.  2.0:  Part  2-10:  “Product  specifications 
-  Sectional  specification  for  category  A1  multimode  fibres”, 
Committee  Draft  (May  2002). 

[20]  1SO/IEC  1 1801  2nd  Edition:  IT  —  Cabling  for  customer 
premises  (2002). 

[21  ]  http://www.foundrynetworks.com/about/newsevents/release 
s/pr5_16_01.html 


David  J.  Mazzarese  is  the  technical  Manager  of  the  Preform  and 
Measurements  D&E  at  OFS,  50  Hall  Rd,  Sturbridge,  MA.  He 
has  lead  the  development  of  various  multimode,  singlemode  and 
specialty  products  over  the  past  9  years.  He  holds  a  PhD  in 
Chemical  Engineering  and  an  MS  in  Electrical  Engineering  from 
the  University  of  Massachusetts  at  Amherst. 


International  Wire  &  Cable  Symposium 


460 


Proceedings  of  the  51st  IWCS 


Stability  of  Low  Water  Peak  SMF  against  Hydrogen  Aging 

Fumiyoshi  Ohkubo,  Hajime  Igarashi,  Hideyuki  Wakiyasu,  Kazuaki  Negishi, 
Takashi  Hasegawa,  and  Kazuya  Kuwahara 

Fiber  Optics  Division,  Sumitomo  Electric  Industries,  LTD. 

1,  Taya-cho,  Sakae-ku,  Yokohama,  244-8588  Japan 
Phone#:  +81-45-853-7267,  Fax#:  +81-45-851-0935,  Email  address:  ohkubo-fumiyoshi@sei.co.jp 


Abstract 

In  this  paper,  we  describe  the  stability  performance  against 
Hydrogen  aging  with  several  types  of  Low  Water  Peak  Single- 
Mode  Optical  Fiber  (LWP-SMF).  Long-term  reliability  over  25 
years  of  each  fiber  is  revealed  through  our  experiments  by  using 
much  severe  condition  than  that  of  IEC  60793-2-50  test  procedure. 

Keywords 

Low  Water  Peak  SMF,  Hydrogen  aging  test,  CWDM,  Hydrogen 
reaction,  Molecular  hydrogen  diffusion 

1.  Introduction 

Application  of  Wavelength  Division  Multiplexing  (WDM) 
technology  has  been  expanded  not  only  to  long  haul  networks,  but 
also  to  metro  area  networks.  For  increasing  the  network  capacity 
with  further  transmission  distance,  Dense  WDM  (DWDM)  system 
has  been  evolved  with  more  complicated  and  expensive 
components,  especially  for  the  long  haul  networks.  On  the  other 
hands,  Coarse  WDM  (CWDM)  system  has  been  newly  developed 
as  an  indispensable  technology  for  inexpensive  metro  area 
networks.  CWDM  systems  require  broad-range  operating  band 
because  the  systems  utilize  optical  signals  having  broader  channel 
spacing  (typically  20  nm)  without  the  use  of  high-end  optical 
components  such  as  wavelength-locked  LDs.  A  newly  developed 
LWP-SMF  “PureBand™”  has  been  designed  suitable  for  the 
CWDM  systems.  Due  to  its  broad-range  low  attenuation 
characteristics  including  Water  Peak,  the  fiber  can  be  available 
about  30  %  wider  operation  band  than  a  standard  single-mode 
optical  fiber  as  shown  in  Figured. 


1300  1400  1500  1600 

Wavelength  (nm) 


Figure  1.  Spectral  attenuation  of 
the  newly  developed  LWP-SMF 


The  newly  developed  LWP-SMF,  which  is  manufactured  by  using 
VAD  technology,  was  also  designed  to  achieve  stabilized 
attenuation  characteristics  against  Hydrogen.  In  order  to  assure 
the  long-term  reliability  of  field  installed  optical  fiber  cables,  it  is 
necessary  to  investigate  induced  attenuation  due  to  hydrogen. 

2.  Test  Methods  of  Hydrogen  Aging 

A  lot  of  accelerated  hydrogen  aging  studies  [1,2]  have  been 
conducted  on  the  hydrogen  reaction  between  hydrogen  molecules 
and  defects  at  high  temperatures  in  the  past.  On  the  other  hands, 
some  recent  studies  [3,4]  indicated,  accelerated  hydrogen  aging 
tests  at  high  temperature  couldn’t  simulate  the  actual  attenuation 
increase  under  field  installed  cable  condition.  The  actual  field 
installed  cable  condition  of  4  x  10'4  atmosphere  of  hydrogen  for 
the  duration  of  25  years  is  equivalent  to  the  0.01  atmosphere  test 
for  367  days  at  room  temperature  or  to  the  1.0  atmosphere  test  for 
4  days  at  room  temperature  [5].  We  discuss  the  test  condition 
under  0.01  and  1.0  atmospheres  of  hydrogen  at  room  temperature 
below. 

2.1  0.01  atmospheres  of  hydrogen  condition 

The  test  procedure  described  in  IEC  60793-2-50  Ed.  1.0  requires  to 
“Expose  a  fiber  specimen  to  0.01  atmospheres  of  hydrogen  at  room 
temperature  and  continue  exposure  until  1240  nm  attenuation 
changes  by  0.03  dB/km  or  more.”  This  accelerated  hydrogen  aging 
can  estimate  the  attenuation  increase  of  the  actual  field  installed 
cable  after  several  years. 

2.2  1.0  atmospheres  of  hydrogen  condition 

This  accelerated  aging  under  high  hydrogen  pressure  at  room 
temperature  can  simulate  the  actual  reaction  in  a  shorter  period  of 
time  as  described  below. 

The  model  of  hydrogen  reaction  between  hydrogen  molecules  and 
defects  can  be  expressed  as 

[h2]+  U>]->  [«]  0) 

where  [ H2 ]  is  hydrogen  concentration,  [D]  is  defect  concentration 
and  [a]  is  concentration  of  reaction  products. 

The  hydrogen  aging  loss  is  directly  proportional  to  the 
concentration  of  reaction  products. 

In  this  case,  the  equation  is 

^1=  k[H 2\[d]=  ^  PHl  (2) 
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where  cc  is  initial  concentration  of  defects  and  P ^  is  hydrogen 
partial  pressure. 


We  find 

[«]=«'[•-  exp  (-  k  PH2  •/)]  (3) 

*  =  /,exp(-^)  (4) 

where  A  is  frequency  factor,  Ea  is  activation  energy,  R  is  gas 
constant,  T  is  absolute  temperature. 


Table  1.  List  of  the  sample  fibers 

ID 

Classification 

Fiber  A 

Fiber  B 

Low  Water  Peak  Single-Mode  Optical  Fiber 

Fiber  C 

Fiber  D 

Fiber  E 

Standard  Single-Mode  Optical  Fiber 

Assuming  that  the  activation  energy  has  a  certain  distribution,  the 
equation  3  and  equation  4  become 

[« ]=  f  a ;[l  -  exp  (-  k,  ■  P„2  •  /)]  (5) 

*'  =  ^exP[-^-J  (6) 

These  equations  indicate  that  the  reaction  products  can  be  created 
by  plural  types  of  chemical  reaction  with  different  reaction 
velocity.  In  our  experience,  the  attenuation  increase  both  at  1380 
nm  and  at  1430  nm  at  room  temperature  are  can  be  expressed  by 
equation  5  and  equation  6  with 

i=  1~3  (for  attenuation  increase  at  1 380  nm)  (7) 

/  =  1~2  (for  attenuation  increase  at  1430  nm)  (8) 

If  temperature  is  invariant,  this  reaction  model  can  be  effective  for 
the  estimation  of  hydrogen  attenuation  increase  as  a  general 
accelerated  aging  test,  because  the  chemical  reaction  can  be 
explained  by  hydrogen  partial  pressure  and  duration  time 
according  to  equation  3. 

In  order  to  estimate  the  hydrogen  attenuation  increase  of  long 
period  of  time  over  25  years,  we  adopted  the  test  method  with  1 .0 
atmosphere  of  hydrogen  at  room  temperature  for  4  days  and  beyond 
(up  to  4  weeks). 


3.  Experiments 

3.1  Sample  fibers 

In  this  study,  we  have  tested  kinds  of  LWP-SMFs  identified  as  Fiber 
A,  B,  and  C  that  is  the  newly  developed  LWP-SMF.  We  also  tested 
Standard  Single-Mode  Optical  Fibers  (Standard  SMFs)  identified  as 
Fiber  D,  E  for  references. 

Two  km  length  of  each  fiber  specimen  was  looped  280  mm  in 
diameter  with  tension  free  and  was  exposed  to  hydrogen  in  a  test 
chamber.  Hydrogen  aging  loss  of  each  specimen  was  measured 
under  the  test  condition  of  1 .0  atmosphere  of  hydrogen  at  room 
temperature. 


3.2  Results  and  discussions 

Figure  2,  3,  and  4  show  the  spectral  attenuation  changes  of  LWP- 
SMFs  (Fiber  A,  B,  and  C  in  Table  1)  after  exposure  to  1.0 
atmosphere  of  hydrogen  at  room  temperature. 

The  attenuation  increases  at  1240  nm  are  observed  in  these 
Figures  caused  by  molecular  hydrogen  diffusion  and  are 
reversible  after  about  1  month  storage  in  the  normal  air 
environment.  The  attenuation  increases  in  the  1400  nm  band  can 
be  also  found  in  these  Figures  and  they  are  permanent  loss  even  if 
hydrogen  molecules  are  removed  from  the  environment.  These 
permanent  attenuation  increases  occur  due  to  chemical  reactions 
mentioned  in  clause  2.2. 

In  the  Figure  2,  the  attenuation  increases  in  the  1400  nm  band  of 
the  Fiber  A  can  be  found  after  4  days  exposure  and  reached  to 
0.34  dB/km  at  1380  nm  which  is  the  same  level  as  initial 
attenuation  at  1380  nm  of  typical  Standard  SMF.  After  4  weeks 
exposure,  it  seems  to  be  that  the  hydrogen  reaction  reaches  to 
saturation,  and  the  attenuation  at  1380  nm  is  0.35  dB/km. 


1200  1300  1400  1500  1600 

Wavelength  (nm) 

Figure  2.  Spectral  attenuation  changes  after 
exposures  to  1.0  atmosphere  of  hydrogen 
at  room  temperature  (Fiber  A) 

In  the  Figure  3,  the  induced  attenuation  due  to  hydrogen 
reaction  at  1380  nm  after  4  days  exposure  of  the  Fiber  B  is  0.01 
dB/km.  The  attenuation  increase,  however,  tends  to  increase  up  to 
4  weeks.  The  attenuation  at  1380nm  reaches  to  0.34  dB/km  after  4 
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weeks  exposure.  The  attenuation  at  1430  nm  can  be  also  found  in 
this  figure  and  reaches  to  0.30  dB/km  after  4  weeks  exposure. 


Wavelength  (nm) 


Figure  3.  Spectral  attenuation  changes  after 
exposures  to  1.0  atmosphere  of  hydrogen 
at  room  temperature  (Fiber  B) 


Figure  4  indicates  that  the  stability  performance  against  hydrogen 
of  Fiber  C  is  more  stable  than  other  LWP-SMFs  (Fiber  A  and  B). 
The  attenuation  at  1380  nm  and  1430  nm  after  4  weeks  exposure 
reaches  to  saturation  with  0.29  dB/km  and  0.25  dB/,  respectively. 


Wavelength  (nm) 


Figure  4.  Spectral  attenuation  changes  after 
exposures  to  1.0  atmosphere  of  hydrogen 
at  room  temperature  (Fiber  C) 


Figure  5  shows  the  induced  attenuation  due  to  hydrogen  aging  of 
all  of  the  sampled  fibers.  The  aging  condition  is  after  4  weeks 
exposure  to  1 .0  atmospheres  of  hydrogen  at  room  temperature. 
The  attenuation  at  1380  nm  of  the  Fiber  A  (LWP-SMF)  and  the 
Fiber  D,  E  (Standard  SMFs)  are  particularly  remarkable.  The 


induced  attenuation  at  1430  nm  is  also  noted.  They  have  long  tails 
on  the  longer  wavelength  side  and  the  affected  the  attenuation  in 
the  1550  nm  operation  window  and  beyond.  Although  the 
attenuation  at  1380  nm  of  the  Fiber  B  relatively  maintains  low, 
the  attenuation  at  1430  nm  is  striking.  These  attenuation  increases 
may  affect  serious  problems  to  the  Raman  amplification  and  also 
CWDM  system  for  entire  life  of  service.  On  the  other  hands,  it  is 
obvious  that  the  attenuation  in  the  1400  nm  band  of  Fiber  C  (the 
newly  developed  LWP-SMF)  still  remain  stable  compare  to  others. 


1200  1300  1400  1500  1600 

Wavelength  (nm) 

Figure  5.  Induced  attenuation  variations  after 
exposures  to  1.0  atmosphere  of  hydrogen 
at  room  temperature  after  4  weeks 


4.  Conclusions 

Accelerated  aging  test  under  1.0  atmosphere  of  hydrogen  at  room 
temperature  have  been  conducted  with  kinds  of  LWP-SMFs  and 
Standard  SMFs.  Through  these  experiments,  the  excellent  stability 
performance  against  hydrogen  aging  of  PureBand™,  the  newly 
developed  LWP-SMF,  is  clarified.  Due  to  its  stability  and  low 
water  peak  characteristics,  the  fiber  provides  superior  attenuation 
performance  throughout  entire  operation  wavelength  range  for 
CWDM  systems  with  long-term  reliability  over  25  years 
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Abstract 

In  this  study,  a  newly  developed  waveguide  characterized  as 
both  a  multimode  and  singlemode  fibre  has  been  connected  to 
several  of  the  latest  CISCO  transmission  equipments  to 
investigate  the  number  of  errors  and  the  maximum  distance  in 
comparison  to  the  latest  edition  of  ISO/IEC  11801:2002 
standard.  In  order  to  meet  the  rapidly  increasing  demand  for 
broadband  services  in  Local  Area,  Access  and  Metropolitan 
Networks,  we  have  proposed  a  newly  developed  universal 
optical  fiber. 

Fast  growth  and  continuously  expanding  needs  of  the 
information  technology  set  expects  increasing  flexibility  and 
productivity  from  the  telecommunication  cable  industry.  At 
this  moment  there  are,  typically,  three  types  of  fibers  utilised 
in  these  applications,  9/125  pm  single  mode  as  well  as  50/125 
and  62.5/125  pm  multimode.  In  particular  for  fiber  optic 
cable  production,  this  means  at  least  three  different  products 
which  complicate  manufacturing,  distribution,  installation  and 
final  optical  system  commission. 

Keywords 

Single  Mode  (SM);  Multi  Mode  (MM)  optical  fiber;  Gigabit 
Ethernet;  Optical  fiber  cable  network;  Wide  Passband;  SDH; 
Access  networks;  Fiber  To  The  Home  (FTTH). 

1.  Introduction 

Copper  Cabling,  Cat5E  or  Cat6,  is  still  the  basic  choice  for 
distribution  cabling  in  Local  Area  Networks  (LAN)  due  to  its 
relatively  low  cost  and  ease  of  installation.  However,  the 
growing  use  of  graphics  in  emails,  web  traffic  within  the 
LAN,  and  resource  hungry  software  applications,  is  driving  an 
increasing  demand  for  more  bandwidth,  which  in  turn  is 
driving  a  migration  to  fiber  for  backbones  and  fiber  to  the 
desk  cabling.  MM  fiber  (mainly  62.5/125  pm  or  OM1  - 


optical  multi  mode  as  it  is  now  referred  to  in  ISO/IEC 
11801:2002  standard),  is  still  the  fiber  of  choice  for  most 
LANs.  Although,  the  same  drivers  that  are  driving  the 
migration  to  optic  from  copper  are  also  driving  a  shift  from 
62.5/125  pm  MM  to  higher  bandwidth  50/125  pm  MM  and 
also  to  Single  Mode  fibres. 

Since  the  basic  element  in  optical  cables  is  glass  fiber,  the 
traditional  range  is  now  facing  new  challenges  such  as 
uniform  high-speed  production  and  advanced  transmission 
equipment  applications. 

It  wasn’t  very  long  ago  that  we  were  all  happy  with  10/100 
Mbps  to  the  desk.  We  are  now  in  a  fairy  quick  migration 
phase  to  Gigabit  Ethernet  with  10-Giagbit  Ethernet  waiting  in 
the  wings.  As  we  move  through  these  stages,  using  fibre  for  at 
least  part  of  the  network  becomes  mandatory  as  copper  will 
not  provide  the  bandwidth  or  distance  needed. 

2.  High  performance  fiber  and  the  latest 
transmission  equipment 

The  universal  multi  /  single  mode  fibre  (FineLight™)  has 
undergone  extensive  mechanical  and  optical  testing  using  the 
latest  electronic  equipment  at  speeds  up  to  1000  Mbps 
(Gigabit  Ethernet)  at  850  nm  operating  as  a  Multimode  fibre 
and  at  1300  nm  operating  as  a  Singlemode  fibre.  The 
universal  fibre  also  operates  as  a  single  mode  fibre  at  both 
1310  nm  and  1550  nm  in  full  compliance  with  ITU-T  G.652. 
Testing  has  been  undertaken  to  confirm  Singlemode  operation 
to  at  least  2.5  Gbps  (SDH).  The  results  demonstrate  a 
significantly  better  performance  than  the  minimum 
requirement  of  the  standard  parameters. 

That  patented  fiber  is  available  in  many  cable  construction 
types,  from  Simplex  and  Duplex  patch  cords  to 
Indoor/Outdoor  Tight  Buffered  Riser  cables  featuring  a 
LSOHFR  (low  smoke  zero  halogen  flame  retardant)  sheath,  to 
Jelly  Filled  Outdoor  Loose  Tube  cables  for  all  external 
applications.  Composite  cables  are  now  a  thing  of  the  past,  as 
individual  fibers  within  a  multi  fiber  cable  can  be  used  as 
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either  Multimode  or  Singlemode,  giving  greater  flexibility 
than  a  standard  MM  /  SM  composite  cable. 

3.  Experiments 

The  universal  fiber  has  been  used  in  an  experimental  setup  to 
generate  bi-directional  transmission  using  latest  generation 
CISCO  switches,  connected  as  shown  in  Fig.  1 


Figure  1.  Schematic  diagram  of  test  setup 
3.1  Technical  data  of  new  fiber 

Glass  geometry 

Cladding  diameter  125.0  ±1.0 

Cladding  non  circularity  %<  2.0 

Core/cladding  concentricity  error  jam  <0.8 

Coating  geometry 

Outer  coating  diameter  245  ±10 

Coating/cladding  concentricity  error  pm  <  12.5 

Attenuation  coefficients 

@850  nm  dB/km  <  2.20 

@1310  nm  dB/km  <0.40 

@1385  nm  (water  peak)  dB/km  <  2.10 

@1550  nm  dB/km  <  0.30 

Macrobending  attenuation 

100  turn, 60  mm  diameter  at  1550  nm  dB  <  0.1 

Dispersion  coefficients 
In  the  range  1285  -1330  nm 
ps/(nm.km)<  3.5 


@1550  nm  ps/(nm.km)<  IS 

Zero  dispersion  wavelength  (A  0)  nm  1300  to  1324 
Slope  S0  at  A  0  ps/(nm2.km)<  0.092 

Mode  Field  Diameter 

@1310  nm  pm  9.2  ±0.4 

Cable  cut-off  wavelength  (A  cc)  nm<  1260 
Bandwidth  @850  nm 

FineLight  ™Base  MHz.km  >  600 

FineLight  ™Giga  MHz.km  >  1000 

3.2  Test  network 

In  this  study,  several  latest  generation  CISCO  transmission 
equipments  have  been  inter-connected  with  Universal  fiber  to 
investigate  the  number  of  errors  and  the  maximum  distance  in 
comparison  to  ISO/IEC  11801:2002  and  other  relevant 
standards.  2.5  Gbps  SDH,  1000BASE-SX  and  1000BASE-LX 
transmission  applications  have  also  been  tested.  Details  of 
the  test  set  up  are  shown  in  Fig.2. 


Figure  2.  Detailed  diagram  of  test  setup 


3.3  Theoretical  bandwidth  calculation 

The  theoretical  bandwidth  was  calculated  before  the 
experimental  trial. 

Table  1  shows  theoretical  MM  bandwidth  (BW)  of  the  new 
fiber. 

With  the  assumption  about  linearity  of  the  material  dispersion 
across  the  optical  fiber  cable  length,  the  following  non-linear 
calculation  applies  for  the  final  bandwidth: 

BWf  [MHz.km]  =  (dLIN/dL0UT)Y  x  BWIN 
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Where: 

Lin  -  input  length  [km] 

Lout  -  output  length  [km] 

y-  bandwidth  to  length  exponent  coefficient 

BWin  —  input  bandwidth  [MHz. km] 


Table  1.  MM  Bandwidth  of  Fiber  [MHz.km] 


Input 

BW 

MHz.km 

Gamma 

Input 

Lengt 

h 

_  [kml 

Output 

Length 

[km] 

Final  BW 
[MHz) 

600 

0.5 

1 

0.8 

671 

600 

0.7 

1 

0.8 

701 

600 

1 

I 

0.8 

750 

Table  2  shows  theoretical  SM  bandwidth  (BW)  of  the  new 
fiber. 

The  standard  single  mode  fiber  bandwidth  is  calculated  as  the 
following: 

BW  =  44  x  104  /  (DW  x  Dw  x  L) 

Where 

DW  -  source  spectral  width 

Dw  -  pulse  broadening  due  to  chromatic  dispersion, 

L  -  cable  length 

44x1 04  -  empirically  derived  constant 
Delta  (chroma)  -  dispersion  at  the  wavelength 

Table  2.  SM  Bandwidth  at  1550  nm  of  Fiber 
[MHz.km] 


Delta 

Wave¬ 

length 

(nmj 

D 

(wave¬ 

length) 

[p$/nm. 

km] 

Lengt 

h 

[km] 

Delta 

(chroma 

) 

Ips] 

BW 

(chroma 

) 

[MHz] 

2 

18 

25 

383 

489 

2 

18 

5 

77 

2444 

0.8 

18 

12 

73 

2546 

3.4  Test  methodology 

The  test  generated  bi-directional  pings  to  observe  interface 
statistics  and  Bit  Error  Rate  (BER)  of  better  than  1012  has 
been  demonstrated.  A  randomly  selected  sample  of 
FineLight™  Base,  as  the  lowest  performing  fibre  (from  a 
bandwidth  perspective)  in  the  range,  has  been  used  to 
simulate  the  worst  condition  from  the  bandwidth  point  of 
view.  SC  single  mode  bare  fiber  adapters  have  been  used  to 
connect  fibre  to  equipment. 


4.  Experimental  Results 

Table  3  summarizes  the  results  of  the  maximum  length  of  the 
new  fiber  over  which  transmission  was  achieved  with  BER  < 
10  as  measured  on  the  CISCO  Catalyst  switches.  The 
results  achieved  were  without  the  use  of  any  mode 
conditioning  patchcord. 


Table  3.  Length  [m]  vs.  transmission  type 


Switch 

Max  distance 

_ imi 

ISO/IEC  11801:2002 

1000BASE-SX 

800 

550 

1000BASE-LX 

800 

550 

5.  Discussion 

The  new  fiber  is  capable  of: 

•  Good  bandwidth  as  a  Multi  Mode  fiber,  at  current 
protocols  using  relatively  inexpensive  laser  opto  - 
electronics  at  850  nm 

•  Insertion  loss  @  850  nm  is  generally  lower  due  to  less 
dopant  content  than  standard  multi-mode  fiber. 

•  Ability  to  switch  to  a  Single  Mode  system  utilising  1310 
and  1 550  nm  window  without  the  need  to  replace 
installed  cables. 

•  Offers  “decision  deferring  “  benefits,  in  that  the  same 
cable  can  be  used  as  both  a  Multimode  and  Single  Mode 
cable,  without  having  to  install  new  fiber 

•  Offers  “cost  deferring”  benefits,  in  that  inexpensive 
Multimode  fiber  electronics  can  be  utilised  at  the  start 
and  then  upgrade  to  the  higher  performing  Singlemode 
electronics  as  the  price  comes  down  or  the  need  arises 

6.  Conclusions 

The  new  developed  Universal  fiber  (FineLight™)  has  brought 
a  breakthrough  in  optical  design.  The  FineLight™  fiber  is  a 
world  first  in  that  it  operates  at  three  windows  (850,  1310  and 
1550  nm),  or  in  other  words  it  can  be  used  as  both  a 
Multimode  (MM)  and  a  Singlemode  (SM)  fiber.  New 
Universal  fiber  is  able  to  withstand  emerging  higher  demands 
and  to  achieve  stable  performance  in  a  wide  range  of  the  latest 
transmission  equipment  including  Gigabit  Ethernet  and  SDH. 
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Abstract 

Enhanced  transmission  performance  at  850  nm  on  a  novel  fiber 
[1],  compliant  with  Single  Mode  Fiber  as  described  in  ITU-T  Rec. 
G.652,"  using  recently  developed  single  mode  vertical-cavity 
surface-emitting  laser  (VCSEL),  is  demonstrated  experimentally 
and  briefly  discussed  in  terms  of  coupled  power  and  bit  error  rate 
(BER)  measurements.  Finally  experimental  power  penalties, 
chiefly  due  to  intersymbol  interference  (ISI),  are  presented  for 
single  mode  VCSEL  transmitting  on  different  DMD  samples  of 
novel  fiber. 

Keywords 

Fiber,  singlemode  fibre,  multimode  fibre,  vertical  cavity  surface 
emitting  laser,  single  mode  VCSEL,  Gigabit  Ethernet,  modal 
bandwidth. 


1.  Introduction 

To  support  the  steady  growth  of  corporate  Intranets  and  Internet 
traffic,  many  building  backbone  links  in  local  area  networks  (LAN) 
are  typically  based  on  optical  fibers.  Also  last  mile  links  in  access 
network  are  following  this  trend  (FTTx).  Usually  the  majority  of 
LAN  links  are  multimode  fiber  (MMF),  however,  some  single 
mode  fiber  (SMF)  is  also  present.  Generally  speaking,  SMF, 
compliant  to  ITU-T  G.652,  is  preferred  to  MMF  when  the 
current  demand  for  bit  rate  and  distance  exceeds  actual  MMF 
capability,  while  mixed  cables  of  MMF  and  dark  SMF  are 
sometimes  deployed  when  future  bit  rate  demand  is  of  concern. 
These  links  typically  operate  at  850  nm  to  take  advantage  of  low 
cost  opto-electronic  components,  such  as  LEDs.  However  LEDs 
suffer  from  serious  bandwidth  and  power  limitations,  which  make 
them  unsuitable  to  high  speed  transmission.  Currently,  the  most 
utilized  light  source  in  high -bit -rate  short  haul  optical  data  link  is 
the  850  nm  vertical-cavity  surface-emitting  laser  (VCSEL),  whit 
its  low  cost  and  higher  bandwidth  compared  with  LED. 
However,  most  of  the  installed  MMF  are  not  suitable  to  support 
gigabit  applications  (i.e.  GbE,  Fiber  Channel,  etc..)  and  new  types 
of  MMF  optimized  for  laser  launch  are  been  developed  and 
marketed  [6].  As  far  as  SMF  is  concerned,  at  850  nm  SMF 
generally  supports  few  modes  and  suffer  from  serious  limits  to  the 


bandwidth  due  to  the  rather  high  inter  modal  dispersion.  This  is 
the  main  reason  why  SMF  has  not  been  considered  in  practice  for 
FTTx  and  LAN  applications,  despite  the  great  interest  shown  in 
the  past  years  [2-5],  To  get  around  the  outlined  drawbacks  of 
SMF  and  MMF,  and  to  ensure  the  maximum  flexibility  and 
scalability  of  network,  a  SMF  having  high  bandwidth  at  short 
wavelength  (SX),  850  nm,  and  maintaining  SMF  optical  properties 
in  second  and  third  operating  windows  (i.e.  1300  nm  and  1550 
nm)  has  been  recently  presented  [1].  In  particular,  [1] 
demonstrated  feasibility  of  error  free  Gigabit  Ethernet  (1.25 
Gbit/s)  transmission  at  850  nm  over  up  to  two  kilometers  of  this 
novel  SMF  and  STM1/OC3  (155  Mb/s)  over  up  to  7.4  km  using 
commercially  available  multimode  VCSEL. 

In  this  paper  we  point  out  advantages  of  using  this  novel  fiber 
especially  with  the  recently  developed  850nm  single  mode 
VCSEL,  in  terms  of  coupled  power  and  BER  performances. 
Moreover,  intersymbol  interference  penalties  were  measured  for 
this  novel  system,  showing  good  agreement  to  Gigabit  Ethernet 
model  prediction. 


Figure  1:  Schematic  diagram  of  experimental 
setup 

2.  Experimental  setup 

The  experimental  setup  used  to  carry  out  the  transmission 
experiment  is  schematically  shown  in  Fig.  1. An  850-nm  transmitter 
driven  by  a  pattern  generator  is  coupled  to  the  fiber  under  test  and 
an  850nm  precision  variable  attenuator  is  positioned  before  the 
receiver  to  vary  the  received  optical  power.  The  received  optical 
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power  is  measured  by  means  of  a  power  meter.  Fiber  spans  are 
coupled  to  the  transmitter  and  receiver  by  means  of  two 
conventional  single  mode  jumpers  with  SC  connectors,  while  the 
SC  connectorized  fibers  under  test  are  connected  each  other  using 
commercial  SC  adapters. 


ouo 

JTJIH 


30 

15 

nn 

mini 

'MM 

§j§ 

HfUtJa 

X 

S 

s 

SB! 

p 

SIB 

9 

mi 

mi 

si 

m 

SB! 

II  ms 

■BBSS 

10 

_  ft 
fT 

mini 

s 

mm 

liilfll 

liMItKii 

pirn 

iuniui 

IS! 

mm 

HIM 

mm 

iifffiii 

mm 

Him 

HIM! 

IIMIM 

tilting 

mm 

■iIhImiii 

illMiliil 

iiietlimu 

Bi!l 

1111 

ill 

M 

m 

ml 

mi 

tllMliill! 

■pan 

ism 

BIBS 

hkhrimmimii 

iliyiiniiiiiHi! 

r 

-5 

mmw 

mm 

aw 

Mini 

miHtwitifi 

umiwi 

HRtfiM 

IIRUMf 

nxmm 

nip 

Hill 

HM 

;  S  *  8  ******* 1 

Ilia 

IttMMBlItUHIil 

sSis 

UMHIUHI 

siSirSii 

iiilllEII  IIMiHil 

-10 

m» 

Mill 

siitti 

mu 

mill 
min  nit 
mm 

IHMflU 

ntiiiii 

mm 

mm 

Ml 

IIMB 

mail 

iiiMn 

mini 

mm 

ItlieillUHl! 

IIMIIIIIII 

Hill 

Ml 

111 

111 

1 

Rimmi 

pllM 

hihiiiI 

ittlEHMIll 

lUllllMNllS 
II IMIIIHIIIIIMII 
IliWIMlMHinil 
iniiitiiiiiiHii 

-15 

•20 

B 

MMA 

HIM: 

iinmin 

iiiiiii 

miup 

INHM 

mm 

mm 

Ml 

11111191 

MM 

iiiiun 

mm 

iimt 

PlifiMflHI! 

IIMIM 

WAUtMllfi 

fimliii 

urn 

IIS 

in 

in 

w 

Mi 

Hi 

Dill 

IMMIH 

WMil 

Maui 

iiniiii 

IMIHipip 

imiiMn 
i  iiiiiKtsii 

0 

innn 

yut 

yyyo||iiym 

5  10 

Kormtitadinrw  { pun  j 


DMO 


Figure  2  :  Differential  Mode  Delay  measurement  at 
850-nm  for  a)  SMF  (DMD  of  about  3  ps/m)  and  for 
b)  SX  optimized  SMF(DMD  of  about  0.1  ps/m). 


A  sample  of  single  mode  VCSEL,  in  TO  package,  having  a  spectral 
width  of  less  than  1-nm  and  operating  at  the  nominal  wavelength 
of  850-nm,  has  been  utilized  for  the  experiment.  The  data 
sequence  is  generated  using  a  PRBS  (223-l  word  length),  which 
directly  drives  the  single  mode  VCSEL.  A  3  GHz  bit  error  rate  test 
set  (BERT)  compares  the  electrical  signal  taken  at  the  receiver 
output  with  the  original  sequence.  Electrical  signals  are  observed 
by  means  of  a  sampling  oscilloscope  equipped  with  a  12.5  GHz 
electrical  receiver.  An  optical  receiver  of  a  commercial  transceiver, 
compliant  with  IEEE802.3z/D2  Gigabit  Ethernet  (1000BASE-SX) 


specification  is  utilized  to  receive  the  optical  signal  at  GbE  bit  rate 
of  1250  Mb/s. 

3.  Fiber  Description 

In  the  wavelength  region  around  850-nm,  G.652  fibers  (optimized 
for  operation  around  of  1310-nm)  usually  propagate  few  modes 
(linear  polarized  mode  LP01,  LP„,  LP02  etc...).  Two-mode  (LP0I 
and  LP„)  fiber  systems  based  on  inter  modal  delay  equalization 
have  been  widely  studied  [7,8]  in  order  to  address  several  different 
applications.  Refractive  index  profiles  have  been  suggested  to 
achieve  zero-modal  dispersion  at  1300-nm  [9]  or  in  800-900-nm 
wavelength  range  [10],  The  Efractive  index  profile  of  this  novel 
fiber  allows  to  obtain  very  good  modal  equalization  around  850- 
nm  and  to  guarantee  excellent  transmission  performance  with  good 
manufacturing  reproducibility.  The  manufactured  fibers  show 
typical  inter-modal  delay  at  850-nm  of  less  than  0.3  ps/m  over  a 
wide  wavelength  range,  which  inherently  guarantees  a  -3dB  worst 
case  modal  bandwidth  higher  than  1000  MHz.km.  Since  VCSEL  is 
a  laser  source  with  spectral  width  generally  less  than  1-nm, 
chromatic  dispersion  is  of  low  concern  compared  to  inter  modal 
dispersion  in  few  kilometer  systems  at  the  considered  bit  rates.  To 
evaluate  inter-modal  dispersion,  differential  mode  delay  (DMD)  of 
a  typical  SMF  and  of  the  new  SX  optimized  SMF  has  been 
measured.  Results  are  shown  in  figure  2.  In  the  DMD 
measurement  procedure  (FOTP-220  or  IEC  60793-1-49),  the  fibre 
core  is  scanned  at  the  entrance  using  a  small  spot  size  and  very 
short  pulse,  while  the  corresponding  output  pulses  are  registered 
consecutively.  In  this  way  the  modal  delay  structure  of  the  fibre  is 
found.  Compared  to  the  well-known  bandwidth  test  methods,  the 
DMD  test  method  is  capable  of  giving  much  more  detailed 
information  on  the  propagation  characteristics  of  the  different 
modes  in  multimode  region  of  SMF. 

DMD  of  a  typical  SMF  at  850nm  is  reported  in  figure  2a.  The 
modal  structure  of  the  fiber  is  clearly  visible  and  the  length 
normalized  delay  is  of  the  order  of  3  ps/m.  In  figure  2b  DMD  for  a 
short  wavelength  optimized  SMF  is  reported,  showing  a  DMD  of 
the  order  of  0.1  ps/m.  As  can  seen  the  propagating  modes  appear 
confused  in  a  single  spot.  The  measured  loss  of  the  fiber  around 
850-nm  is  less  than  2  dB/km,  typically  1.8  dB/krn  at  850-nm. 

4.  Single-mode  vs.  Multi-mode  VCSEL 

In  [10],  benefits  of  single  mode  VCSEL  with  respect  to  multimode 
VCSEL  have  been  experimentally  demonstrated  and  widely 
discussed.  In  particular  authors  of  [10]  analyzed  important 
quantities  like  eye  opening,  on/off  ratio  and  BER  at  different 
lateral  offsets  of  laser  device,  pointing  out  better  performance  of 
single-mode  compared  to  multi-mode  VCSELs.  Moreover,  single¬ 
mode  VCSEL  can  be  coupled  more  efficiently  than  multi-mode 
VCSEL  or  LED  to  any  optical  fiber  (i.e.  MMF  or  SMF)  without 
optics  or  with  simple  ball  lens,  due  to  its  tighter  circular  beam 
shape.  In  our  experiment,  we  used  a  single  mode  VCSEL  coupling 
about  -5dBm  to  SX  optimized  SMF.  Generally  speaking,  single 
mode  VCSEL  can  couple  up  to  -3dBm  on  9/125  micron  diameter 
fiber,  improving  by  about  10  dB  the  typical  power  coupled  by  an 
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“out  of  the  shelf’  multimode  VCSEL.  For  all  these  reasons,  single¬ 
mode  VCSELs  are  very  attractive  laser  sources  for  short  haul 
systems  and  of  course  can  match  very  well  with  SX  optimized 
SMF.  This  feature  greatly  reduces  any  power  budget  limitation  in 
short  haul  systems. 


Figure  3  Examples  of  measured  emitted  spectrum 
for  (a)  single  mode  and  (b)  multimode  VCSEL  and 
typical  spatial  intensity  distribution  for  (c)  single 
mode  and  (d)  multimode  VCSEL 

Figure  3a  and  3b  show  the  measured  emitted  spectrum  for  the 
single  mode  utilized  for  the  system  measurements  and  of  a  typical 
multimode  VCSEL,  while  figure  3c  and  3d  show  typical  spatial 
intensity  distribution  of  a  single  mode  and  a  multimode  VCSEL. 
This  feature  aid  the  higher  peak  power  account  for  the  easier 
coupling  of  single  mode  VCSEL  with  any  optical  fiber,  especially 
with  a  9  micron  core  diameter  fiber  (i.e.  SMF  or  the  newly 
developed  SX  opt.  SMF). 


Figure  4:  Penalties  versus  differential  mode  delay. 
Theoretical  prediction  (solid  line)  and  measured 
penalty  (filled  squares). 

5.  Experimental  results 

We  have  measured  power  penalty  of  several  SX  optimized  SMFs, 
having  different  DMD  figures,  using  one  sample  of  850nm  single 
mode  VCSEL.  The  results  are  shown  in  figure  4  (filled  squares). 


The  potential  of  this  new  fiber  in  terms  of  BER  versus  distance 
has  been  already  demonstrated  in  a  previous  paper  [1].  In  order  to 
get  better  insight  in  to  our  experimental  data,  we  used  the  theory 
of  Gigabit  Ethernet  model  [12],  adopted  by  IEC  (series  61280)  to 
draw  a  theoretical  curve  of  power  penalty  versus  measured  DMD 
of  the  selected  fibres,  as  shown  by  the  solid  line  in  figure  4. 

The  gigabit  Ethernet  model  accounts  for  power  penalties  due  to 
noise  and  dispersion  [12].  In  the  present  paper  a  rough  evaluation 
of  intersymbol  interference  power  penalty  (Pki),  using  formula  of 
[12],  is  used  and  compared  to  experimental  measured  power 
penalty  at  a  BER  of  10'9.  It  is  assumed  that  PISi  is  generally  the 
most  important  penalty  factor  compared  to  other  penalties 
affecting  the  link,  such  as  mode  partition  noise  (MPN),  extinction 
ratio  (ER)  and  relative  intensity  noise  (RIN).  Ifei  is  evaluated 
using: 


where  T  is  the  bit  time  and  Tc  is  the  approximate  10-90% 
composite  channel  exit  response  time,  given  by 


where  BWm  is  the  modal  bandwidth,  here  assumed  equal  to  the 
worst  case  -3dB  bandwidth  and  related  to  DMD  by 

BWm  =  1/(3  •  DMD)  (3) 

BWcd  is  the  bandwidth  due  to  chromatic  dispersion,  calculated 

using  (16-17)  of  [12]  and  measured  values  for  dispersion, 
dispersion  slope  and  zero  dispersion  wavelength  of  the  samples. 
Ts  is  the  10-90%  laser  rise  time,  here  assumed  to  be  ~390  ps,  in 

accordance  with  our  experimental  data,  while  BWr  is  the  receiver 

bandwidth  (about  1000MHz  for  the  used  receiver).  Measured 
power  penalties  are  reported  versus  DMD  values  of  the  used  fiber 
spans.  All  the  analyzed  links  have  length  comprised  between  500 
m  and  1  km.  Although  some  penalty  factors  of  GbE  model  has 
been  neglected  and  the  power  penalties  has  been  related  only  to 
worst  case  modal  bandwidth  (i.e.  DMD),  yet  agreement  between 
measured  data  and  theory  is  rather  good,  meaning  that  the  major 
penalty  in  the  optical  system  under  test  is  chiefly  due  to  modal 
dispersion. 

As  can  be  seen,  measured  penalty  is  well  below  1  dB  for  DMD 
lower  than  300  ps,  this  ensures  that  fiber,  having  a  DMD 
specification  lower  than  0.3  ns/km,  could  operate  with  very  good 
performance  over  distances  typical  of  LAN  applications  and  more 
(i.e.  up  to  1  km).The  presented  results  are  only  preliminary,  being 
based  on  laboratory  setup  and  not  on  a  fully  engineered  system 
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optimized  for  field  operation.  For  this  reason  it  has  not  been 
possible  to  carried  out  a  meaningful  comparison  with  multimode 
VCSEL.  Further  work  is  under  way  to  settle  validity  of  GbE 
model  to  this  novel  system  configuration. 

6.  Conclusions 

VCSELs  technology  is  rapidly  evolving  towards  higher 
performances  at  lower  prices.  This  new  technology  matches  very 
well  with  the  recently  presented  SMF  optimized  for  short 
wavelength  operation  [1],  allowing  to  obtain  the  very  high 
network  flexibility  and  scalability  in  LAN  and  FTTx  applications. 
In  this  paper  the  SX  optimized  SMF  has  been  tested  at  G  E  speed 
using  recently  developed  single  mode  VCSELs,  which  already 
showed  improved  BER  performances  f  1 1]  at  moderate  bit  rates  on 
standard  MMFs.  Using  single  mode  VCSELs,  very  good  power 
coupling  efficiency  has  been  demonstrated  (-5dBm),  with  a 
consequent  10  dB  improvement  of  power  budget  with  respect  to 
multimode  VCSEL.  Moreover  power  penalty,  chiefly  due  to  ISI, 
has  been  measured  and  compared  with  theory  of  Gigabit  Ethernet 
model.  Good  agreement  was  found.  The  measured  penalty  of  1km 
long  fibers,  having  DMD  lower  than  300  ps,  is  well  below  1  dB, 
ensuring  that  SX  optimized  SMF  performance  at  Gigabit  Ethernet 
speed  could  exceed  distances  typical  of  LAN  applications  (i.e.  up 
to  1  km). 
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Abstract 

We  have  developed  two  new  types  of  single-mode  fiber  for  the 
next  generation  WDM  transmission  systems.  The  both  fibers  have 
wide  non-zero  dispersion  operation  wavelength  band  over  S,  C 
and  L  bands.  One  type  is  LEF  (Large  Effective  area  non-zero 
dispersion  Fiber)  with  an  effective  area  of  63.8  m2.  The  other 
one  is  LSF  (Low  dispersion  Slope  non-zero  dispersion  Fiber)  with 
dispersion  slope  of  0.013  ps/nm2/km.  We  have  ascertained  that 
LEF  had  an  advantage  of  Tbit/s  transmission  for  long  haul 
systems  and  also  LSF  had  an  advantage  of  Tbit/s  transmission  for 
metro  ring  systems,  respectively,  by  using  numerical  transmission 
simulation. 

Keywords 

Large  effective  area  fiber;  low  dispersion  slope  fiber;  40Gbit/s 
transmission;  dispersion  compensation 

1.  Introduction 

The  demand  for  data  communication  is  growing  rapidly  due  to  the 
increasing  popularity  of  the  Internet  and  other  factors.  In  about 
1998  years,  the  transmission  capacity  per  fiber  increased  to  10(20) 
Gbit/s  per  wavelength  by  wavelength  Division  Multiplexing 
(WDM)  technique  [1].  Moreover,  in  recent  system,  the  overall 
transmission  capacity  exceeds  1  Tbit/s  per  fiber  by  the 
improvement  of  the  WDM  techniques  [2]  [3].  In  order  to  increase 
the  transmission  capacity,  increasing  the  number  of  signal 
wavelengths,  expanding  the  signal  wavelength  band  and  the  high 
speed  signal  in  the  fiber  are  required.  Those  techniques  cause 
increasing  optical  channel  cross-talk  and  decreasing  the  allowable 
group  velocity  dispersion  (GVD)  tolerance.  In  order  to  increase 
the  transmission  capacity,  the  nonlinearities  and  the  dispersion 
characteristics  of  transmission  fiber  have  to  be  considered.  The 
most  practical  way  to  solve  the  nonlinearities  is  to  enlarge 


effective  area  (Aeff).  And  also  the  most  practical  way  to  solve  the 
dispersion  is  dispersion  management  of  system  and  to  optimize 
the  dispersion  characteristics  (cumulative-dispersion  &  dispersion 
slope)  of  fibers  respectively  [4]  [5].  In  this  paper,  we  challenged 
to  enlarge  the  Aeff  and  to  optimize  dispersion  characteristics, 
namely  lowering  dispersion  slope.  Unfortunately,  enlarging  the 
Aeff  and  lowering  dispersion  slope  is  antithetical  relation. 
Therefore  we  have  investigated  two  types  of  fiber.  These  fibers 
are  classified  with  non-zero  dispersion  fiber  (NZDF)  of  ITU-T 
Rec.  G655.  One  type  is  LEF  and  the  other  one  is  LSF.  We 
describe  LEF  and  LSF  with  analyzing  the  optimum  characteristics 
for  WDM  transmission  systems.  As  our  achievement,  LEF  with 
effective  area  of  63.8  m2  and  LSF  with  dispersion  slope  of  0.013 
ps/nm2/km  have  developed.  We  have  validated  the  both  fibers  are 
useful  for  new  generation  WDM  transmission  systems. 


2.  Design  and  Simulation  of  Metro  ring 
network  system  and  Terrestrial  long  haul 
transmission  system  with  LSF  &  LEF 

2.1  Model  of  metro  ring  network  and  terrestrial 
long  haul  transmission  system 

In  order  to  increase  the  transmission  capacity,  increasing  the 
number  of  wavelengths,  expanding  the  transmission  wavelength 
and  the  high  speed  signal  transmission  line  are  required.  To 
realize  such  a  higher  transmission  capacity,  the  NZDF,  which  has 
wide  non-zero  dispersion  operation  band  over  S,  C  and  L  bands, 
has  been  proposed  [6]  [7].  We  selected  two  kind  of  NZDF  for 
modeling  a  metro  ring  network  system  and  a  terrestrial  long  haul 
transmission  system.  One  type  is  LEF  with  an  Aeff  of  65  m2.  The 
other  one  is  LSF  with  a  dispersion  slope  of  0.02  ps/nm2/km.  We 
simulated  both  fibers  (LSF  LEF)  transmission  characteristic, 
using  Sprit-Step-Fourier  change  method  [8].  Figure  1  shows  the 
block  diagram  of  both  systems  (LSF  system  &  LEF  system),  used 
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for  the  simulation.  The  transmission  parameter  of  each 
composition  modules  and  the  optical  fibers  are  shown  in  table  1 . 
The  transmission  distance  of  metro  ring  network  system  is  200  km 
and  terrestrial  long  haul  transmission  distance  is  1200  km.  The  bit 
rate  per  channel  of  the  simulation  is  10  Gbit/s  and  40  Gbit/s. 
NZDF  used  in  the  transmission  line  are  LEF  and  LSF  respectively. 
The  setting  of  the  simulation  model  of  this  examination  is 
excluding  the  wavelength  dependence  of  the  dispersion 
compensation  characteristic  and  the  lull  compensation  of  the 
accumulated  dispersion  of  each  wavelength  by  fiber  bragg  grating 
(FBG).  We  evaluated  a  transmission  characteristic  by  Q  value. 
The  criterion  Q  value  in  all  signal  wavelengths  is  equal  to  or  more 
than  16  dB. 


Fig.1  Block  diagram  of  the  DWDM  system 


Table.1  Transmission  parameter  of  each 
composition  modules  and  optical  fibers 


Bit  rate  [Gbit/s] 

10 

40 

Channel  spacing  [GHz] 

100 

125 

Number  of  channels 

108 

80 

Bit  format 

NRZ,RZ-Gaussian 

Number  of  bits 

2'-l  PRBS 

Pulse  width  [ps] 

20 

Transmission  distance 
[km] 

200,1200 

Filter  widthfnm] 

0.25 

Filter  factor 

1024 

Repeater  spacing[km] 

50 

EDFA  gain[dB] 

10 

EDFA  bandwidth[nm] 

1530-1565(C), 

1565-1625(L) 

EDFA  NF[dB] 

4.5 

Fiber  character  @1 550nm 

LEF 

LSF 

Dispersion  [ps/nm/km] 

8 

2, 4, 6, 8,-6 

Dispersion  slope 
[ps/nm2/km] 

0.06 

0.02,-0.02 

Fiber  loss  [dB/km] 

0.2 

0.2 

Joint  loss  [dB/km] 

- 

- 

Kerr  coefficent:n2  [m2/W] 

2.5 

2.5 

Attrf  m2] 

65 

45,40 

Fiber  length  [km] 

50 

50 

2.2  Simulation  of  metro  ring  network  system 

The  large  capacity  of  transmission  is  indispensable  for  metro  ring 
network  systems.  In  addition,  we  also  think  that  a  cost  of  system 
construction  shall  be  reduced.  Thus,  we  examined  by  two 
different  points  of  view.  The  one  point  is  the  system  without  the 
dispersion  compensation.  The  other  point  is  the  repeater  spacing. 
The  both  points  are  useful  to  decrease  a  cost  of  systems. 

In  a  104-ch  x  10  Gb/s  metro  ring  network  system  over  200  km 
without  dispersion  compensation,  we  have  compared  the  Q  value 
of  LSF  (CD=2,  4  ps/nm/km,  e.g.  LSF_2,  LSF_4)  and  LEF  (CD=8 
ps/nm/km,  e.g.  LEF_8).  Figure  2  shows  relation  between  repeater 
output  power  into  fibers  and  Q  value  when  bit  format  is  at  100 
GHz  spacing  NRZ  signal.  When  the  dispersion  of  LSF  is  2  or  4 
ps/nm/km  (at  1550nm)  and  input  signal  power  is  -5  dBm,  Q  value 
is  more  than  16  dB.  On  the  other  hand,  the  Q  value  of  LEF  is  far 
less  than  16  dB.  Therefore,  LSF  is  very  useful  for  a  104-ch  x  io 
Gbit/s  metro  ring  network  system  over  200  km  because  LSF  is 
able  to  realize  low  cost  system  without  the  dispersion 
compensation. 
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In  an  80-ch  x  40  Gb/s  metro  ring  network  system  over  200  km, 
we  have  also  compared  the  Q  value  of  LSF  (CD=2,  4,  6,  8 
ps/nm/km,  e.g.LSF__2,  LSF_4,  LSF_6,  &  LSF_8)  and  LEF  (CD=8 
ps/nm/km,  e.g.LEF_8).  Figure  3  shows  relation  between  repeater 
output  power  into  fibers  and  Q  value  when  bit  format  is  at  125 
GHz  spacing  RZ  signal.  In  all  LSF,  the  repeater  output  power  is 
limited  up  to  about  5dBm.  However  LEF  has  higher  tolerance 
input  power  than  that  of  LSF.  As  shown  in  Figure  3,  the  tolerance 
of  LEF  is  4  dB  more  than  that  of  LSF.  As  a  result,  LEF  is  able  to 
expand  the  repeater  spacing  to  70  km.  Expanding  repeater  spacing 
leads  decreasing  the  number  of  repeater  and  reducing  the 
constructing  cost  of  system. 


Repeater  Output  Power  [dBm/ch] 

Fig.2  Relation  between  Repeater  Output  Power  and 
Q  value  in  a  1 04-ch  1 0Gbit/s  over  200  km 


Repeater  Output  Power  [dBm/ch] 

Fig.3  Relation  between  Repeater  Output  Power  and 
Q  value  in  a  80-ch  40Gbit/s  over  200  km 


2.3  Simulation  of  terrestrial  long  haul  transmission 
system 

Recent  laboratory  experiments  have  demonstrated  that  distributed 
Raman  amplification  and  forward  error  correction  (FEC)  are  key 
technologies  for  WDM  terrestrial  transmission  [9]  [10].  However 
we  think  that  a  cost  of  system  constructing  shall  not  be  expensive. 
Therefore,  we  have  examined  the  simple  construction  system.  We 
first  proved  that  the  system  without  dispersion  compensation  was 
impossible  because  the  accumulated  dispersion  could  not  be 
ignored.  In  a  1 04-ch  x  10  Gb/s  terrestrial  long  haul  system  over 
1200  km,  we  have  compared  the  Q  value  of  LSF  (CD=6 
ps/nm/km)  and  LEF  (CD=&  ps/nm/km).  Figure  4  shows  relation 
between  repeater  output  power  into  fibers  and  Q  value  when  bit 
format  is  at  100  GHz  spacing  RZ  signal.  The  repeater  output 
power  limitation  of  LSF  is  about  5  dBm.  However,  the  repeater 
output  limitation  of  LEF_8  is  about  10  dBm.  LEF  has  higher 
tolerance  input  power  than  that  of  LSF.  The  tolerance  of  LEF  is  5 
dB  more  than  that  of  LSF.  Therefore,  LEF  is  able  to  expand  the 
repeater  spacing  to  75  km.  Thanks  to  decreasing  the  number  of 
repeater,  the  constructing  cost  of  system  is  reduced. 


Repeater  Output  Power  [dBm] 


Fig.4  Relation  between  Repeater  Output  Power  and 
Q  value  in  a  1 04-ch  lOGbit/s  over  1200  km 
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3.  LSF  design  &  performance 

3.1  Fiber  design 

We  have  tried  to  optimize  the  refractive  index  profile  of  LSF. 
Figure  5  shows  the  profile  model  used  in  simulation.  Considering 
dispersion  slope,  macro  bending  loss  and  the  fabricating  processes, 
we  adopted  the  tetra  clad  structure  with  a  deep  depressed  clad 
which  has  a  -0.30  %  refractive  index.  We  have  calculated  the 
center  core  diameter  to  gratify  targeting  dispersion  and  slope 
value  under  setting  the  tetra  cladding  structure.  We  determined 
that  core  radius  to  achieve  the  dispersion  of  3  ps/nm/km,  the 
dispersion  slope  of  0.02  ps/nm2/km  and  the  macro  bending  loss  of 
less  than  2dB/m  at  1550  nm  respectively. 
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Fig-6  Relation  between  Chromatic  Dispersion  and 
Wavelength 


Fig.5  Refractive  Index  Profile  Model  of  LSF 


3.2  Fiber  fabrication  and  performance 

We  fabricated  LSF  using  the  MCVD  method.  LSF  has  very 
complicated  refractive  index  profile  with  a  deep  depressed  clad. 
Figure  6  shows  the  relation  between  chromatic  dispersion  and  the 
wavelength  for  the  LSF.  The  chromatic  dispersion  is  in  the  range 
from  1.7  to  3.8  ps/nm/km  in  S,  C,  and  L  bands.  The  dispersion 
slope  at  1550nm  is  0.013  ps/nm2/km.  As  we  have  shown  in  the 
simulation,  this  chromatic  dispersion  characteristic  realizes  10 
Gbit/s  104-ch  WDM  200  km  transmission  for  metro  ring  network 
system  without  dispersion  compensation.  Figure  7  shows  the 
spectral  attenuation  of  LSF.  In  the  S,  C,  L  band  area,  the 
attenuation  is  very  low  level  at  less  than  0.25  dB/km.  The 
summary  characteristics  are  shown  in  Table  2.  The  macro  bending 
loss  at  20  mm  diameter  mandrel  is  2  dB/m  at  1550  nm.  This 
macro  bending  characteristic  has  enough  bending  resistance  to 
fabricate  a  practical  ribbon  slotted  cables.  We  have  validated  that 
the  LSF  is  useful  to  realize  low  cost  and  high  capacity  metro  ring 
network  systems. 


Wavelength  (nm) 


Fig.7  Spectral  Attenuation  of  LSF 


Table2.  Typical  characteristics  of  LSF 


Dispersion 

3.04  ps/nm/km 

Dispersion  slope 

0.013  ps/nm2/km 

Attenuation 

0.204  dB/km 

PMD 

0.04  ps/km1/2 

MFD 

7.5  m 

Aeff 

43.6  m2 

n2/Aeff 

6.7  x  10'18  cm2/w/nm2 

Macro  Bend  Loss* 

2  dB/m 

*Bend  diameter=20mm 
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4.  LEF  design  &  performance 

4.1  Fiber  design 

We  have  tried  to  optimize  the  refractive  index  profile  of  LEF  too. 
Figure  8  shows  the  profile  model  used  in  simulation.  Considering 
AefF,  macro  bending  loss  and  productivity,  we  adopted  the  tetra 
clad  structure  with  a  shallow  depressed  clad  which  had  a  0.02  % 
refractive  index.  We  calculated  the  refractive  index  of  center  core 
to  satisfy  the  dispersion  of  8  ps/nm/km,  the  AefF  of  65  m2  and 
the  macro  bending  loss  (bending  diameter,  20mm)  of  less  than  2 
dB/m  at  1550  nm  respectively.  This  macro  bending  characteristic 
has  enough  bending  resistance  to  fabricate  a  practical  ribbon 
slotted  cables. 


Fig. 8  Refractive  Index  Profile  Model  of  LEF 

4.2  Fiber  fabrication  and  performance 

We  used  Vapor-phase  axial  deposition  (VAD)  method  to  fabricate 
LEF  because  VAD  works  better  in  mass  production  compared 
with  other  method.  Figure  9  shows  the  relation  between  chromatic 
dispersion  and  the  wavelength  of  the  LEF.  The  chromatic 
dispersion  is  in  the  range  from  3  to  1 1  ps/nm/km  in  S,  C,  and  L 
bands.  The  dispersion  slope  at  1550  nm  is  0.057  ps/nm2/km.  As 
we  have  shown  in  the  simulation,  this  chromatic  dispersion 
characteristic  makes  10  Gbit/s  104-ch  WDM  1200  km 
transmission  for  metro  ring  network  system.  Figure  10  shows  the 
spectral  attenuation  of  LEF.  In  the  S,  C,  and  L  band  area,  the 
attenuation  is  very  low  level  at  less  than  0.23  dB/km.  The 
summary  characteristics  are  shown  in  Table  3.  AefF  is  63.8  m  . 
Consequently,  the  n2/AefF  of  LEF  is  1 5  %  smaller  than  that  for 
conventional  NZDF.  The  macro  bending  loss  at  20  mm  diameter 
mandrel  is  1.5  dB/m.  This  macro  bending  characteristic  is  equal  to 
LSF  and  has  enough  bending  resistance  to  fabricate  a  practical 
ribbon  slotted  cables.  We  have  validated  that  the  LEF  is  useful  to 
realize  high  performance  terrestrial  long  haul  transmission 
systems. 


Wavelength  (nm) 

Fig.9  Relation  between  Chromatic  Dispersion  and 
Wavelength 


Wavelength  (nm) 
Fig.10  Spectral  Attenuation  of  LEF 


Table3.  Typical  characteristics  of  LEF 


Dispersion 

7.74  ps/nm/km 

Dispersion  slope 

0.057  ps/nm2  /km 

Attenuation 

0.194  dB/km 

PMD 

0.04  ps/km1/2 

MFD 

9.3  m 

AefF 

63.8  m2 

n2/Aeff 

4.6  x  1 0'18  cm2/w/nm2 

Macro  Bend  Loss* 

1.5  dB/m 

*Bend  diameter=20mm 
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7.  Conclusion 

We  have  investigated  the  optimum  NZDF  for  metro  ring  network 
systems  and  terrestrial  long  haul  transmission  systems.  As 
conclusion,  we  have  developed  LSF  and  LEF.  LSF  has  small 
dispersion  slope  of  0.013  ps/nm2/km,  dispersion  of  3  ps/nm/km 
and  Aeff  of  43.6  pm2  respectively.  Thus,  we  confirmed  that  LSF 
was  a  good  fiber  to  be  adapted  to  a  104-ch  *  10  Gb/s  metro  ring 
network  system  over  200km  without  dispersion  compensation. 
LEF  has  a  large  Aeff  of  63.8  pm2,  dispersion  of  7.74  ps/nm/km 
and  dispersion  slope  of  0.057  ps/nm2/km  respectively.  LEF  has 
higher  tolerance  input  power  than  LSF.  Therefore,  LEF  is  able  to 
expand  the  repeater  spacing  comparing  to  that  of  LSF.  Thus,  in  a 
104-ch  x  10  Gb/s  terrestrial  long  haul  system  over  1200  km,  LEF 
enable  the  system  construction  with  a  reduced  cost. 
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Abstract 

Chalcohalide  glasses  (70Ge0,sAs01 0S0  65- 1 5GaS3/2- 1 5CsBr)  doped 
with  Ho  +  emitted  1.64pm  fluorescence  with  a  long  lifetime  (tm~ 
3.3ms),  which  can  provide  the  efficient  signal-gains  in  U-band 
(1.62-1 ,65pm)  for  the  future  wide-band  WDM  network.  Co¬ 
doping  and  up-conversion  process  were  also  discussed  for  the 
efficient  depopulation  of  the  lower  metastable  %  level.  The  cross¬ 
relaxation  mechanism  responsible  for  the  fluorescence  quenching 
along  Ho  concentration  was  elucidated  based  on  the  energy 
transfer  theory.  The  optimum  of  the  Ho3+  concentration  for  the 
efficient  optical  amplification  in  U-band  was  estimated  about 
0.20%  in  mole. 

Keywords 

Optical  Amplifier;  Wavelength-Division-Multiplexing;  Rare-Earth; 
Chalcohalide  Glass 

1.  Introduction 

The  evolution  of  fiber-optic  networks  has  expanded  the  transmission 
capacity  over  several  tera-bit  per  second.  All  these  progresses  were 
carried  out  by  the  deployment  of  the  all-optical  transmission  circuits 
and  the  wavelength  division  multiplexing  (WDM)  techniques.  In 
all-optical  networks,  optical  amplifier  is  essential  to  the  long¬ 
distance  transmission  without  any  delay  times  via  O-E-O 
regeneration.  Some  metro-networks  use  the  optical  amplifiers  for 
the  purpose  of  the  pre-  or  power-boost  amplification,  etc.  The 
optical  amplifier  increases  basically  the  small  signal  power  and 
compensates  the  attenuation  loss.  Typical  Erbium  doped  fiber 
amplifier  provides  the  optical  gain  of  17~27dB  in  C-band 
(1.53~56pm  wavelength),  where  the  attenuation  loss  of  silica  fiber 
is  minimum.  Recently,  semiconductor  optical  amplifier  (SOA)  has 
been  deployed  in  the  low-cost  market  such  as  metro-networks  rather 
than  the  EDFA  [1].  Raman  fiber  amplifier  also  gives  the  backward 
distributed  gains,  which  offers  the  feasibility  of  the  optical  power 
management  so  as  to  reduce  the  noise  figure  efficiently  [2]. 
Fluoride-  and  tellurite-based  fiber  amplifiers  have  the  merit  of  wide¬ 
band  operations  [3].  Wideband  capability  of  the  optical  amplifier  is 
very  important,  because  the  capacity  of  the  WDM  system  is  limited 
by  the  gain  bandwidth  and  the  output-power  of  the  optical  amplifier. 
In  other  words,  the  detrimental  non-linear  noises  such  as  cross¬ 
phase  modulation  (XPM)  and  four-wave  mixing  (FWM)  in  the  long¬ 
distance  transmission  grow  up  as  dense  as  the  channel  numbers  in 
C-band  [4].  Otherwise,  total  capacity  of  the  WDM  network  can  be 
expanded  by  the  use  of  the  alternative  windows  such  as  S 


(1*45-1. 52pm),  L  (1.57-1. 61  pm)  and  U  (1.62-1. 65pm)  band, 
rather  than  increasing  the  channel  density  in  C-band  [3]. 

Hybrid  of  the  gain-shifted  EDFA  with  the  conventional  EDFA,  for 
examples,  increased  the  optical  gain  bandwidth  from  30  to  70nm.  A 
hybrid  amplifier  including  a  Thulium  doped  fiber  amplifier  was 
demonstrated  to  amplify  the  S-band  signals  simultaneously  with  C- 
and  L-band  [3].  SOA  and  fiber  Raman  amplifiers  have  been  also 
investigated  for  attain  the  optical  gain  in  these  alternative  bands 
[5,6].  Since  both  amplifiers  are  tunable  of  the  gain  bandwidth,  it  is 
probable  to  deploy  them  in  the  metro-network.  But,  the  output 
power  of  SOA  and  fiber  Raman  amplifier  are  not  sufficient  for  the 
long-distance  transmission  applications.  The  noise  figure  of  SOA  is 
7~1 1  dB,  relatively  higher  than  rare  earth  doped  fiber  amplifiers. 
Against  these  odds,  rare-earth  doped  fiber  amplifiers  remain  good 
candidates  for  the  alternative  band  transmission.  However,  the  long 
time  stability  of  the  non-silica  based  fiber  amplifiers  should  be 
enhanced  for  the  practical  field  deployment. 

Ultra  long-wavelength  (1.62-1. 65pm)  band  transmission 
technology  is  primarily  considered  in  the  coarse-WDM  networks, 
which  can  span  relatively  short  distance  transmission  systems  such 
as  metro/access  networks.  Since  the  bending  loss  and  the  residual 
dispersion  of  U-band  is  the  highest  compared  with  the  other 
transmission  bands,  the  maximum  arrival  distance  of  U-band 
transmission  was  usually  less  than  100km.  But,  the  commercial  next 
generation  fibers  having  lower  dispersion  slope  are  recently 
developed,  so  as  to  extend  the  maximum  arrival  distance  compatible 
with  ultra-long  haul  and  long-haul  networks  even  in  U-band 
transmission  [7].  Hence,  it  would  be  fair  to  concern  the  future  U- 
band  WDM  transmission  even  in  long-distance  networks.  This 
paper  will  investigate  and  discuss  the  possibility  of  the  optical 
amplification  of  U-band  signals,  based  on  the  rare  earth  doped 
glasses  and  fiber  materials. 

1.66pm  fluorescence  near  U-band  was  firstly  observed  from 
F4,3F3->3H4  transition  of  Praseodymium  doped  in  selenide  glasses 
[8].  Since  both  3F4  and  3F3  levels  are  thermally  coupled,  the  broad 
fluorescence  spectrum  was  observed  when  1.48pm  pump  laser 
excited  the  specimen  (Fig.  1(a)).  The  selenide  glasses  have  small 
phonon-vibration  energies  less  than  180cm'1  so  that  their  multi¬ 
phonon  relaxation  rate  from  3F3  to  3F2  level  is  one  of  the  lowest 
among  the  well-known  non-oxide  glasses.  About  50%  quantum 
yield  of  fluorescence  emission  was  measured  from  selenide  glasses, 
the  value  of  which  is  appreciable  for  the  practical  operation  of  the 
U-band  amplifier.  Other  non-oxide  host  composition  such  as  sulfide 
and  fluoride  glasses  doped  with  Praseodymium,  but  were  disable  to 
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provide  the  optical  amplification  in  U-band,  since  their  quantum 
yields  are  too  low  (<10%).  Nevertheless  of  these  merits,  the 
refractive  indices  of  selenide  glasses  induce  the  very  high 
insertion/coupling  loss  with  conventional  silica  fiber.  Therefore,  it  is 
very  difficult  to  realize  the  optical  amplification  in  U-band  by  using 
the  selenide  glasses  as  fiber  host  materials. 

Holmium  is  one  of  the  best  candidates  to  be  applied  for  rare  earth 
doped  fiber  amplifier  in  U-band.  The  fluorescence  from 
Ho3^:5I5 — >5I7  transition  was  previously  observed  at  1.65  jam  in 
various  non-oxide  glass  systems  [9].  The  multi-phonon  relaxation 
rate  from  Ho3+:5I5  level  is  known  to  be  relatively  lower  than  that  of 
Pi3+:3F3.  As  shown  in  Fig.  1(b),  the  optical  amplification  is  carried 
out  via  the  four-level  process,  which  demands  the  lower  threshold  of 
the  pump  power  to  obtain  the  optical  gain.  However,  pump 
wavelength  should  be  900nm  rather  than  the  wavelength  of  the 
commercially  available  laser  diode  such  as  808,  980  and  1480nm. 
Additionally,  the  lifetime  of  the  lower  metastable  level,  %  is  too 
long  to  extinct  immediately  to  the  ground  level,  which  may  cause 
the  early  saturation  of  the  output  power.  Co-doping  of  Terbium  with 
Holmium  would  help  to  depopulate  Ho3+:5I7  level  via  the  energy 
transfer  from  Ho3+:5I7  level  to  Tb3  '  :7F2  level  (Fig.2(a)).  Co-doping 
of  Europium  with  Holmium  also  probably  works  for  the 
depopulation  of  Ho3+:5I7  level  via  the  energy  transfer  from  Ho3+:5I7 
level  to  Eu3+:7F6  level  (Fig.2(b)).  These  co-doping  effects  are 
expected  to  increase  the  saturation  of  the  output  power.  But,  the 
contributions  to  the  optical  gain  have  not  been  confidently  examined 
yet  from  the  co-doping  effects  of  other  rare  earth  ions. 

Chalcohalide  glass  compositions  have  the  priority  of  the  low 
phonon  energy  and  the  low  refractive  index  of  1.5-1. 8,  compared 
with  common  sulfide  glasses  such  as  Ge-As-S,  Ge-Ga-S  and  La-Ga- 
S,  etc.  Host  composition  of  GeS2-AsS3/2-GaS3/2-CsBr  system  was  at 
first  investigated  by  Shin  et  al  [10].  Most  impressive  results  of  them 
were  found  in  the  excess  concentration  region  of  CsBr  to  GaS3/2. 
Below  the  critical  concentration,  the  fluorescence  lifetime  and  the 
quantum  yield  of  the  Dy3+:6Fn  level  was  the  same  order  of  common 
sulfide  glasses,  i.e.,  100~200jis.  Above  the  excess  concentration  of 
CsBr  to  GaS3/2,  the  fluorescence  lifetime  eventually  jumped  up  to 
1800ps,  which  is  the  theoretically  expected  maximum  of  the 
quantum  yield.  Concerning  this  result  including  the  other  evidences, 
the  local  environment  of  Dysprosium  ion  is  to  change  from  the 
sulfur  ligand  to  bromine  ligand  over  the  critical  concentration  of 
CsBr.  However,  the  drastic  change  of  the  glass  structure  has  never 
been  reported  before  in  the  chalcohalide  glass  systems  except  for  the 
alkali-halide  additives.  We  will  discuss,  in  this  paper,  the  formation 
of  the  CsGaBrS3/2:Eu3+  meta-compound  structure  to  percolate  in  the 
excess  concentration  region  of  CsBr  to  GaS3/2.  The  same  reaction  is 
also  expected  to  occur  in  the  GeS2-AsS3/2-GaS3/2-CsBr:Ho3+  system, 
which  can  provide  the  highest  efficiency  of  the  optical  gain  in  U- 
band. 

2.  Experimental  Procedures 

The  chalcohalide  glass  composition  was  selected  from  the  GeS2- 
AsS3/2-GaS3/2-CsBr:Ho3+  system.  The  concentration  of  CsBr 


changed  from  0  to  17%  in  mole  where  as  GaS3/2  was  fixed  in  15% 
in  mole.  0.03-0.25  mole  %  of  Ho3+  was  added  into  host 
compositions.  Pure  powders  of  low  materials  (Ge,  As,  Ga,  S,  CsBr, 
Ho)  were  batches  into  a  quartz  ampoule  inside  the  inert  atmosphere 
(Argon).  The  batch  inside  the  sealed  ampoule  was  melted  in  rocking 
furnace  at  950°C  for  12  hours.  Then,  rapidly  cooled  melt  by  the 
quenching  water  inside  the  ampoule  was  annealed  at  330°C  for  2 
hours  and  cooled  down  to  room  temperature  slowly.  Specimen  was 
spliced  into  a  disk  shape  and  the  surface  of  it  was  carefully  polished. 

Pump  source  was  a  tunable  Ti-Sapphire  solid-state  laser  with  900nm 
wavelength,  pump  beam  was  incident  to  the  specimen  and  the 
fluorescence  was  collected  from  90°  of  the  incident  angle.  An  InSb 
infrared  detector  and  a  grating  mono-chromator  were  used  for 
measuring  the  fluorescence  spectrum.  A  digital  oscilloscope 
recorded  the  transient  decay  curve  of  the  fluorescence  for  the 
measurement  of  the  fluorescence  lifetime.  Phonon-sideband 
spectrum  was  carried  out  by  the  excitation  of  Eu3+  doped  in  the 
chalcohalide  glass  with  a  Rhodamine-6G  dye  laser  (X.-580nm)  and  a 
cryogenic  cavity  (20K). 
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Fig.l  Energy  level  diagram  and  the  possible  radiative 
transition  s  of  (a)  Pr3+  and  (b)  Ho3+  ions 


Fig.2  Energy  transfer  processes  from  Ho3+:5I7  level  to  (a) 
Tb3+:3F2  level;  (b)  to  Eu3+:7F6  level 
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3.  Results  and  Discussion 

3.1  Criteria  of  CsBr  Concentration 

Fig.  1  illustrates  the  energy  levels  and  possible  radiative 
transitions  inside  a  Ho3+  ion.  It  shows  that  1.64pm  amplification 
occurs  via  a  pseudo  four-level  system.  Therefore,  the  population 
inversion  of  5I5  level  to  %  level  is  essential  for  the  net  optical 
gain  in  U-band.  As  shown  in  Fig.3,  the  fluorescence  intensity  of 
2.0pm  wavelength  region  decreased,  as  CsBr  concentration 
increased  from  5  to  15%  in  mole.  The  ratio  of  1.64pm  to  2.0pm 
emission  also  increased  -3.4  times.  Since  the  fluorescence 
intensity  is  proportional  to  the  excited-state  population,  the 
population  inversion  of  5I5  level  to  %  is  readily  expected  from  the 
fluorescence  spectrum.  It  is  considerable  that  inversion  of  the 
ratio  occurs  across  the  critical  concentration  of  CsBr:GaS3/2=l:l. 
This  exactly  coincides  with  the  previous  results  from  GeS2-AsS3/2- 
GaS3iQ-CsBr:Dy3+  [10].  The  fluorescence  lifetime  also  showed 
clearly  the  discontinuity  around  the  critical  concentration  of  CsBr 
as  shown  in  Fig.4.  Therefore,  the  local  environment  of  rare  earth 
ion  is  definitely  to  change  from  sulfide  ligand  to  bromine  ligand 
with  the  excess  CsBr  concentration  to  GaS3/2.  Blue  shift  of  the 
fluorescence  peak  from  1.65  to  1.64pm  indicates  the  formation  of 
the  ionic  local  environment  near  Ho3+  (Fig.3).  It  is  also  preferable 
for  the  optical  gain  in  U-band,  since  the  fluorescence  peak  moves 
to  shorter  wavelength  region  near  U-band. 

The  phonon  side  band  spectrum  of  GeS2-AsS3/2-GaS3/2-CsBr:Eu3+ 
glasses  showed  the  primary  coupling  mode  of  the  electron -phonon 
pair  engaged  to  Eu3+  ion  center  is  about  82,  162  cm'1  (Fig.5).  It  is 
different  that  the  primary  mode  was  found  in  244,  340cm'1  from 
Raman  scattering  experiments  (Fig.6).  The  Raman  scattering  is 
related  to  the  total  contribution  of  host  vibration  mode,  but  the 
phonon  side  band  corresponds  with  only  local  vibration  mode 
near  Eu3+.  We  also  found  the  Europium  is  stable  in  2+  oxidation 
state  rather  than  3+  in  sulfide  glasses.  But,  it  is  found  that  both 
Eu2+  and  Eu3+  ions  co-exist  only  in  chalcohalide  glass  with  the 
excess  CsBr  concentration.  It  clearly  evidenced  that  the  ligand  of 
rare  earth  ion  changed  from  sulfur  to  bromine  as  the  CsBr 
concentration  over  GaS3/2. 

3.2  Optimization  Ho3*  Concentration 

Typical  fluorescence  decay  curve  of  SI5-»SI7  transition  is  non-linear 
as  shown  in  Fig.  7.  Especially,  it  is  well  de-convoluted  with  double 
exponential  decay  curves.  The  mean  value  of  fluorescence  lifetime 
(tm)  was  estimated  by  following  equation  and  plotted  in  Fig.8; 

JL  =  ll  +  i2. 

*1  *2 

Where  the  a,  and  a2  is  the  pre-exponent,  and  t!  and  x2  is  the 
exponent  coefficient  in  fast  and  slow  part,  respectively.  The 
fluorescence  lifetime  decreased  significantly  as  Ho3+ 
concentration  increased  over  0.20%  in  mole.  This  lifetime 
quenching  can  be  elucidated  by  the  cross-relaxation  mechanism 
°f  5Is — ^5l7  =>5l8~»5I7  as  shown  in  Fig. 9.  Since  the  emission  and 
the  absorption  spectra  do  not  overlap,  it  is  thought  to  be  a  phonon- 


assisted  energy  transfer.  However,  due  to  the  lack  of  associated 
phonon  mode  in  chalcohalide  glasses,  the  phonon  assisted  cross¬ 
relaxation  occurs  in  higher  Ho3+  concentration  region,  compared 
with  the  cases  of  common  sulfide  glasses.  It  means  that  highly 
concentrated  chalcohalide  glass  fiber  can  operate  with  relatively 
small  length,  which  of  the  attenuation  loss  due  to  Rayleigh 
scattering  is  minimized. 


Fig.3  Fluorescence  spectrum  of  Ho3+:5I6-»5I8  transition  at 
1.16pm,  5I5-»5I7  at  1.64pm,  and  5I7— »>5I8  at  2.0pm  from  0.08%  of 
Ho3+  doped  in  (80+X)Geo.25Aso.,oSo.65-15GaS3/2-XCsBr  glasses, 
where  X  =  0,  5, 10,  15, 17  in  mole,  respectively  . 


Fig.4  Fluorescence  lifetime  of  Ho3+:5I5-»5I7  transition  at  1.65pm 
from  0.08%  of  Ho3+  doped  in  (80+X)Geo.25Aso.loSo.65-15GaS3/2- 
XCsBr  glasses,  where  X  =  0,  5, 10,  15,  17  in  mole,  respectively  . 
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Fig.5  Phonon  side  band  spectrum  near  Eu3+:3Fo->5D0  transition  of 

80Geo.25Aso.ioSo.65-15GaS3/2-15CsBr:Eu3+  glasses. 


■  .  J _ _ i - 1 - * - L— 

200  300  400  500 


Raman  Shiftfcm'1) 

Fig.6  Raman  Scattering  spectrum  of  (80+X)Ge0.25As0.ioSo.65- 
15GaS3/2-XCsBr:Eu3+  glasses.,  where  X  =  7,  1 1, 14,  15 

3.3  Pump  Scheme 

Since  the  lifetime  of  %  level  is  very  long  about  10~15ms,  the  blue 
(490nm)  and  red  (650nm)  up-converted  fluorescence  were  well 
observed,  which  resulted  from  the  pump  excited  state  absorption  as 
shown  in  Fig.lO(a).  Alternatively,  if  the  second  pump  of  1.16pm 
wavelength  excites  Ho3+,  then  it  would  efficiently  depopulate  % 
level  and  increase  the  saturation  of  the  output  power,  as  shown  in 
Fig.  10(b).  Since  the  cut-off  wavelength  is  longer  than  conventional 
900nm  pump  wavelength,  it  has  the  additional  merit  to  design  the 
low  loss  fiber  and  the  large  overlap  between  the  pump  and  the  signal 
photons. 


decay,  y  =  0.30exp(-t/0.001 16)+0.70exp(-t/0.01467) 


Fig. 8  1.64  pm  fluorescence  lifetime  of  5I5 — >5I7  transition  from 
chalcohalide  glasses  doped  with  Ho3+ 


Fig.9  The  cross-relaxation  process  between  Ho3+  ion  pair 
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Ho3+  Ho3+ 


W  (b) 

Fig.  10  Up-converted  fluorescence  emission  by  (a)  the  pump 
excited  state  absorption  by  first  wavelength  of  900nm;  (b)  by  the 
second  wavelength  of  1 1 60nm 

4.  Conclusions 

It  was  found  that  chalcohalide  glasses  (70Geo.25As0.)0So.65- 
15GaS3/2-15CsBr)  doped  with  Ho3+  emitted  1.64pm  fluorescence 
with  the  spontaneous  population  inversion  of  %  level  to  5I7  level. 
The  fluorescence  lifetime  (rm~  3.3ms)  of  5I5  level  is  long  enough 
to  obtain  continuous  optical  gain.  However,  the  detrimental  cross 
relaxation  mechanism  limited  Ho3+  concentration  below  0.20%  in 
mole,  which  reduce  the  fluorescence  lifetime  of  5I5  level  and  the 
population  inversion.  Based  on  the  overall  performance  predicted 
from  the  measured  optical  characteristics,  chalcohalide  glasses 
with  excess  CsBr  concentration  to  GaS3/2  showed  highest 
potential  to  provide  the  host  materials  to  obtain  efficient  optical 
gain  in  U-band  (1.62-1. 65pm),  Blue  shifted  spectrum  and  higher 
critical  concentration  of  Ho3+  are  advantageous  for  the 
development  of  the  practical  optical  amplifier. 
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Abstract 

In  this  paper,  we  describe  a  method  for  simulating  ice  loads 
on  self-supporting  aerial  drop  cables.  The  importance  of 
such  testing  is  reviewed  for  those  unfamiliar  with  aerial  cable 
testing.  Sample  cases  are  given  for  traditional  ADSS  cables, 
which  are  well  understood.  Then,  it  is  shown  how  established 
models  may  be  difficult  to  apply  to  new  designs.  New  test 
methods  are  considered  and  a  brief  examination  of  their 
feasibility  leads  to  the  use  of  a  particular  method.  This 
method  is  then  demonstrated,  as  well  as  some  actual  test 
results.  The  results  are  compared  with  theoretical  values  and 
found  to  be  in  agreement.  The  paper  concludes  with  a 
discussion  of  the  advantages  and  limitations  of  the  test 
method. 

Keywords 

FTTH;  FTTx;  FTT. 

1.  Introduction 

Many  aerial  cables  are  subject  to  ice  loading  at  some  time  during 
their  service  life.  Accumulated  ice  increases  the  weight  of  an 
installed  span.  This,  in  turn,  increases  the  span  tension.  In  many 
cases,  this  tension  increase  is  quite  large.  Some  aerial  cables  are 
lashed  to  a  messenger  for  support.  The  messenger  is  usually  quite 
large  relative  to  the  tensile  support  it  must  provide.  In  these  cases 
ice  loads  are  more  problematic  for  the  supporting  structures  (e.g. 
poles  or  towers)  than  the  cable.  However,  if  the  cable  is  self- 
supporting,  the  ice  loads  pose  a  risk  to  the  cable  itself.  Inadequate 
self-supporting  cable  designs  can  result  in  high  optical  attenuation 
or  even  cable  breakage.  Thus,  aerial  self-supporting  cables  must  be 
designed  to  withstand  typical  ice  loads,  not  just  installation  tensions. 

2.  Ice  Load  Calculations 

ADSS  (All-Dielectric  Self-Supporting)  optical  fiber  cables  provide  a 
convenient  illustration  of  how  ice  loads  are  calculated.  ADSS 
cables  have  been  extensively  studied  and  widely  deployed.  It  is 
generally  accepted  that  ADSS  designs  are  well  understood  and  field 
proven.  Thus,  they  make  a  good  starting  point  from  which  to 
approach  new  self-supporting  designs. 

It  should  be  noted  that  this  paper  will  not  address  the  mathematical 
principles  behind  sag  and  tension  calculations.  If  the  reader  is 
interested  in  a  complete  treatment  of  this  topic,  he  or  she  is  urged  to 
do  a  literature  search  for  papers  specific  to  this  topic.  The  existing 


work  constitutes  a  formidable  bibliography  and  can  easily  be  found 
by  reviewing  IWCS  (or  other)  proceedings  from  previous  years. 

A  typical  sag  and  tension  table  is  provided  in  Table  1.  This  table  is 
derived  from  the  specific  properties  of  a  single  design.  Thus,  it 
cannot  be  used  for  cables  with  differing  longitudinal  stiffness, 
diameter  or  weight.  The  results  have  also  been  calculated  for  a 
particular  ice  accumulation.  Results  are  usually  calculated  for  0.5, 
0.25  or  0  inches  (12.7,  6.4,  or  0  mm)  of  radial  ice  accumulation  in 
the  United  States  (this  example  is  for  0.5”).  The  appropriate  ice 
value  is  specified  by  the  NESC  (National  Electrical  Safety  Code) 
according  to  geographic  location.  The  NESC  also  specifies  wind 
loads. 

Each  result  has  also  been  calculated  for  a  particular  quantity  of 
installed  sag.  This  value  is  expressed  as  a  percentage  of  the 
horizontal  span  length.  In  eveiyday  terms,  a  100  foot  span  with  1 
percent  installed  sag  would  have  one  foot  less  vertical  clearance  at 
the  lowest  point  than  at  the  ends.  Smaller  sag  values  produce  higher 
tensions  in  both  the  initial  and  ice-loaded  spans. 


Table  1.  Sample  Sag  and  Tension  Values 
for  an  ADSS  Cable 


Span 

Installed 
_ Sag 

Installed 

Tension 

Sag  Under 
Ice  Load 

Tension  Under 
Ice  Load 

500’ 

(152m) 

1% 

643  lbs. 
(2,864  N) 

4.0% 

1,680  lbs. 
(7.484N) 

500’ 

(152m) 

3% 

214  lbs. 
(953N) 

5.0% 

1,336  lbs. 
(5,951  N) 

It  can  easily  be  seen  that  the  tension  under  ice  load  is  always 
substantially  higher  than  the  installed  tension.  Thus,  it  is  clear 
that  a  self-supporting  cable  must  be  designed  for  ice  (and/or  wind) 
loads,  and  not  just  installation  conditions.  On  the  other  hand,  the 
cable  cannot  be  grossly  over-designed.  This  would  waste  costly 
material  (typically  aramid  in  the  case  of  ADSS)  and  make  it 
difficult  to  offer  the  cable  at  a  competitive  price.  A  careful 
balance  must  be  struck  between  economy  and  reliability.  This  is  a 
routine  practice  for  ADSS  cables,  since  their  design  rules  are  well 
established.  However,  this  optimization  becomes  more  difficult 
when  a  fundamentally  new  design  is  involved. 
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3.  Differences  Between  Aerial  Drops  and 
ADSS  Cables 

It  is  important  to  recognize  that  conventional  ADSS  cables  are 
designed  for  a  fundamentally  different  application  than  Aerial  Drop 
cables.  The  application  differences  require  different  cable  features 
in  order  to  be  craft-friendly  and  cost-effective. 

Not  all  of  the  differences  between  the  designs  will  affect 
performance  under  ice  loads.  This  discussion  will  address  only 
those  differences  that  might  affect  the  cable  during  ice  loading.  This 
should  help  clarify  why  the  authors  found  it  necessary  to 
experimentally  validate  the  cable  design  with  a  new  test  method. 

Aerial  Drops  tend  to  be  smaller  than  ADSS  cables.  This  is 
beneficial  because  it  reduces  the  weight  of  accumulated  ice  and 
consequently,  the  maximum  tension.  However,  the  incremental 
tension  created  by  the  ice  tends  to  be  more  dramatic  as  a  percentage 
of  installed  tension.  The  tension  of  a  Drop  Cable  under  ice  loads 
can  easily  be  ten  or  more  times  (1000%)  the  installed  tension. 

In  order  to  maintain  a  small  size,  Aerial  Drops  generally  do  not 
contain  a  stranded  core.  Thus,  the  fiber  is  not  isolated  from  strain 
during  ice  loads.  It  is  important  to  accurately  quantify  the  fiber 
strain  under  maximum  load. 

Sheer  economics  require  that  Aerial  Drop  cables  be  designed  as 
efficiently  as  possible.  Any  wasted  material  is  multiplied  over 
and  over,  yet  the  cost  of  each  drop  must  be  recovered  from  a 
single  customer.  Although  an  individual  drop  failure  will  not 
affect  many  people,  a  design  flaw  could  result  in  widespread 
outages.  Perhaps  more  than  any  other  self-supporting  design, 
Aerial  Drop  cables  are  pushed  to  their  design  limits. 

4.  Problems  with  Conventional  Tensile 
Tests 

Each  of  the  above  issues  can  be  addressed  easily  enough  through 
a  test  that  simulates  ice  loads.  Ice  loads  are  normally  simulated 
on  ADSS  cables  through  the  use  of  a  large  tensile  test  apparatus. 
However,  this  approach  may  not  be  applicable  to  Aerial  Drops 
due  to  differences  in  construction. 

Drop  cable  runs  tend  to  be  very  short.  As  with  any  aerial  cable,  it  is 
necessary  to  terminate  the  span  and  access  the  fibers  at  each  end. 
Thus,  fiber  access  and  span  termination  must  be  accomplished 
quickly  and  easily.  In  response  to  this  requirement,  the  development 
team  created  a  drop  cable  in  which  the  strength  element  and  fibers 
were  in  separate  sub-units.  This  allowed  both  sub-units  to  be 
quickly  accessed  with  a  common  wire  stripper. 

As  can  be  seen  in  Figure  1,  the  strength  elements  and  fibers  in  the 
drop  cable  are  not  concentric  as  they  are  in  the  conventional  ADSS 
cable.  This  creates  a  fundamental  change  in  the  way  that  ice  loads 
are  transferred.  With  the  ADSS  cable,  suspension  hardware  is 
applied  directly  over  an  intact  jacket.  Tensile  loads  are  transferred 
to  the  fiber  core  unit  only  through  shear  forces,  which  must  be 
passed  through  the  aramid  yams.  Thus,  it  is  impossible  to  elongate 
the  core  without  first  straining  the  part  of  the  cable  which  has  the 


highest  longitudinal  stiffness.  If  the  jacket  slips  relative  to  the 
tensile  yams,  it  produces  an  obvious  failure  at  the  suspension 
hardware.  Neither  of  these  conditions  applies  to  the  drop  cable 
shown  in  Figure  1.  The  strains  experienced  by  the  fiber  sub-unit 


Drop  ADSS 


Figure  1.  Cross-Sectional  View  of 
ADSS  and  Aerial  Drop  Cables 

and  strength  member  might  not  be  identical.  Moreover,  the 
suspension  hardware  is  attached  directly  to  the  exposed  messenger. 
As  can  be  seen  in  Figure  2,  the  jacket  is  removed  in  order  to  attach 
the  hardware.  Thus,  the  jacket  could  slip  relative  to  the  messenger 
without  hardware  failure.  This  jacket  provides  the  only  connection 
between  the  fiber  sub-unit  and  the  messenger. 


These  differences  combine  to  raise  questions  that  go  beyond 
simple  tension  calculations.  Conventional  ADSS  cables  are 


Figure  2.  Drop  Cable  with  Suspension  Hardware 


generally  tested  with  field  hardware  on  a  tensile  apparatus.  The 
effect  of  pulling  on  the  grips  is  equivalent  to  the  application  of  a 
distributed  load.  It  is  difficult  to  be  sure  whether  or  not  that  same 
principle  can  be  applied  to  a  fundamentally  new  design.  There  is 
at  least  a  possibility  that  it  does  not.  These  concerns  can  be 
addressed  only  if  the  new  design  is  tested  in  a  direct  fashion.  The 
tension  must  be  increased  by  the  application  of  a  distributed  load 
on  the  jacket  until  equivalence  is  established. 

One  final  problem  with  conventional  tensile  tests  is  that  they  do 
not  always  inspire  the  confidence  of  customers.  A  relatively  small 
weight  of  ice  can  produce  surprisingly  high  tensions.  Most 
people  find  the  relationship  to  be  counter-intuitive.  Tensile 
testing  a  cable  on  the  basis  of  theoretical  load  calculations  is 
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bound  to  raise  concerns  with  some  customers.  Although  these 
concerns  may  not  be  scientific,  they  do  need  to  be  addressed. 

5.  Problems  with  Ice  Testing 

It  might  seem  that  the  best  way  to  test  a  cable  under  ice  loads  would 
be  to  use  actual  ice.  To  be  sure,  this  would  allow  the  cable  to  be 
observed  under  the  actual  conditions  that  are  of  concern.  However, 
there  are  real  drawbacks  to  this  approach. 

The  first  problem  is  time.  Although  many  locales  have  freezing 
weather,  it  is  not  year-round  and  often  occurs  only  at  night.  Waiting 
for  the  appropriate  weather  could  greatly  extend  a  product 
development  cycle. 

Although  they  are  used  for  many  low-temperature  tests, 
environmental  chambers  are  not  practical  for  ice  load  testing.  Span 
lengths  can  easily  exceed  100  or  even  150  feet.  Few  (if  any) 
facilities  of  such  size  are  available,  and  their  cost  of  operation  would 
certainly  be  prohibitive. 

However,  the  most  important  limitation  to  actual  ice  testing  is 
quality  control.  The  test  results  can’t  be  used  to  validate  a 
performance  model  unless  the  ice  is  applied  consistently  and  to  a 
controlled  diameter.  Although  qualitative  observations  can  be 
made  with  uncontrolled  ice  loads,  it  will  not  permit  the  sort  of  fine- 
tuning  that  is  possible  with  quantitative  analysis. 

6.  Alternative  Test  Methods 

It  was  clear  to  the  development  team  that  an  alternative  test 
method  was  needed  in  order  to  facilitate  the  validation  of  new 
Aerial  Drop  cables.  In  the  long  run,  the  team  fully  intended  to 
return  to  conventional  tensile  testing.  However,  as  mentioned 
above,  this  would  first  have  to  be  validated  by  a  test  method  in 
which  test  tensions  were  created  by  the  application  of  a 
distributed  load. 

6.1  Discrete  Loads 

Initial  proposals  focused  on  the  use  of  many  small  weights.  These 
could  be  spread  out  evenly  over  the  length  of  the  span  under  test. 
Strictly  speaking,  this  wasn’t  a  distributed  load.  But,  the  idea  was 
that  a  good  approximation  could  be  achieved  if  the  number  of 
weights  was  great  enough. 

There  were  two  primary  objections  to  this  approach.  First,  the 
weights  would  have  to  be  attached  in  such  a  way  that  the 
mechanical  properties  of  the  jacket  would  be  substantially 
unchanged.  Second,  hanging  a  multitude  of  little  weights  would 
be  time-consuming  and  tedious.  However,  for  some  time  it 
seemed  as  though  this  was  the  only  practical  alternative. 

6.2  True  Distributed  Loads 

The  development  team  continued  discussions  about  what  material 
might  be  attached  to  a  cable  in  a  continuous  length.  This  would 
provide  a  true  distributed  load  and  might  be  applied  with  relative 
ease.  However,  the  challenge  was  identifying  a  material  with  the 
appropriate  weight  per  unit  of  length.  Almost  any  flexible 


material  could  be  attached,  but  identifying  a  single  candidate  with 
the  appropriate  weight  to  length  ratio  proved  more  frustrating  than 
expected. 

There  were  also  concerns  that  it  would  be  difficult  to  attach  the 
weight  to  the  cable.  It  might  be  difficult  to  attach  the  full  weight 
to  the  cable  smoothly  and  continuously  while  the  cable  was 
suspended.  But,  the  test  would  be  greatly  complicated  if  the 
weight  were  attached  before  the  span  was  put  up.  In  particular, 
this  would  make  it  hard  to  precisely  control  installed  sag. 

Finally,  one  team  member  devised  a  solution.  In  hindsight  it 
seems  quite  obvious,  and  in  fact,  similar  work  has  been  done  with 
aerial-lashed  cables  [1].  But,  at  the  time  it  was  a  much-needed 
breakthrough.  Flexible  plastic  tubing  could  be  carefully  selected 
on  the  basis  of  inside  diameter  and  tubing  weight.  The  tubing 
could  easily  be  attached  to  an  installed  span  while  empty.  Then, 
the  tubing  could  be  completely  filled  with  water  to  achieve  the 
final  loading. 

7.  Simulated  Ice  Load  Testing 

7.1  Calculating  Ice  Weight 

As  mentioned  above,  the  cable  design  under  evaluation  was  not 
round.  It  was  decided  that  the  largest  dimension  should  be  used 
for  the  calculation  of  radial  ice  loads.  Obviously,  this  would 
significantly  increase  the  calculated  ice  load.  However,  it  is 
believed  that  this  approach  most  closely  simulates  real  ice 
accumulation.  The  total  weight  of  ice  was  based  on  an  NESC 
heavy  ice  load. 

7.2  Tubing  Selection 

The  estimated  ice  weight  provided  a  target  for  the  combined 
weight  of  tubing  and  water.  The  next  step  was  to  select  tubing  of 
appropriate  density  and  dimensions.  Water  and  most  polymers 
have  densities  close  to  that  of  ice.  So,  the  ideal  tubing  diameter 
would  tend  to  be  close  to  that  of  the  final  ice  diameter.  The  final 
selection  could  be  made  using  one  of  two  strategies. 

The  combination  of  tubing  material  and  diameter  could  be  fine- 
tuned  to  exactly  match  the  weight  of  ice.  This  would  be  more 
complicated,  but  would  allow  the  cable  to  be  tested  exactly  at  the 
specification  limits. 

Alternately,  commonly  available  tubing  materials  and  sizes  could 
be  evaluated  to  identify  the  closest  match  that  is  heavier  than  the 
expected  ice  load.  Theoretical  calculations  could  be  made  for  an 
ice  load  equal  to  the  selected  tubing/water  combination.  Exact 
comparisons  could  then  be  made  between  theoretical  and 
experimental  values.  By  exceeding  the  NESC  requirements,  this 
approach  would  also  ensure  that  the  cable  was  conservatively 
rated. 

It  is  common  practice  to  conservatively  rate  cables  on  the  basis  of 
conventional  tensile  tests.  The  development  team  thought  this 
approach  should  be  used  on  the  distributed  load  test,  as  well.  For 
this  reason,  the  team  used  the  second,  more  conservative  approach 
to  tubing  selection. 
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7.3  Span  Installation 

Two  utility  poles  were  installed  155  feet  apart  on  roughly  level 
terrain.  Industry  standard  “J -hooks”  were  installed  at  a  height  of 
6  feet  (183  cm)  on  the  pole.  The  test  span  was  installed  and 
adjusted  to  achieve  an  installed  sag  of  one  percent  (approximately 
18.5  inches).  Baseline  attenuation  measurements  were  made 
before  and  after  the  initial  installation.  The  jacket  was  inspected 
for  any  unusual  features  or  damage.  Markings  were  made  on  the 
exposed  messenger  in  order  to  monitor  jacket  slippage.  The 
marks  where  placed  at  the  point  where  the  jacket  had  been 
stripped  back  to  install  the  suspension  hardware. 

7.4  Tubing  Attachment  and  Filling 

Three  lengths  of  1.25”  (31.75  mm)  OD  tubing  were  joined  with 
barbed  hose  connectors.  Starting  at  one  end,  the  tubing  was 
attached  to  the  flat  side  of  the  cable  with  duct  tape.  This  approach 
was  favored  over  aerial  lashing  because  it  reduced  the  likelihood 
that  contact  stresses  would  influence  optical  attenuation.  Any 
twists  that  were  trapped  in  the  span  as  part  of  the  installation 
process  were  allowed  to  remain.  This  created  a  few  places  where 
the  cable  was  not  perfectly  flat.  However,  it  is  expected  that  some 
twisting  will  occur  in  field  installations. 

The  tubing  was  allowed  to  extend  beyond  the  cable  on  each  end. 
The  excess  hose  was  attached  to  the  utility  poles  so  as  to 
neutralize  its  effect  upon  the  span  under  test.  One  end  of  the 
tubing  was  turned  up  and  fitted  with  a  large  funnel,  which  made  it 
easier  to  fill  with  water.  A  photo  of  one  end  of  the  experimental 
setup  is  shown  in  Figure  3.  Optical  attenuation  measurements 
were  made  once  again  to  ensure  that  the  cable  was  not  damaged 
by  the  attachment  of  the  tubing. 


Figure  3.  View  of  the  Experimental  Setup 


The  tubing  was  then  filled  with  water  from  above  with  the  aid  of 
some  stairs,  the  funnel  and  two  plastic  carboys.  The  tubing  was 
filled  only  until  the  water  level  reached  the  suspension  hardware. 


Figure  4.  Inspection  of  the  Span  during 
Simulated  Ice  Load 


7.5  Inspection  and  Measurements 

The  jacket  was  inspected  for  slippage  and  any  unusual  features 
(Figure  4).  Attenuation  measurements  were  made  while  the  cable 
was  fully  loaded.  The  fully  loaded  sag  was  recorded. 

The  cable  was  allowed  to  remain  fully  loaded  until  it  was  certain 
that  the  cable  was  in  a  steady-state  condition.  The  water  was  then 
drained  from  the  hose,  and  the  hose  was  removed.  The  cable  was 
inspected  for  damage  and  the  attenuation  was  measured  in  the 
unloaded  state.  The  unloaded  sag  was  recorded. 

8.  Results 

Optical  attenuation  results  at  1550  were  comparable  to  results 
obtained  during  a  conventional  tensile  test  (and  in  compliance 
with  the  product  specifications).  There  was  no  slippage  of  the 
jacket  relative  to  the  messenger.  Theoretical  calculations 
predicted  a  loaded  sag  value  of  63.6  inches  (161.5  cm).  The 
actual  sag  value  was  63.875  inches  (162.2  cm),  which  represents 
an  error  of  only  0.4%.  A  photo  of  the  “ice”  loaded  sag 
measurement  is  shown  in  Figure  5.  Note  that  the  measurement  is 
made  at  the  bottom  of  the  cable,  not  the  attached  tubing. 

9.  Conclusions 

The  new  test  method  is  a  relatively  straightforward  way  to 
simulate  distributed  ice  loads  on  aerial  cables.  The  test  results 
validated  the  theoretical  models  used  for  the  cable  in  question. 
The  test  also  showed  that  there  were  no  problems  with  the  transfer 
of  a  distributed  load  through  the  jacket  to  the  messenger.  Thus, 
this  test  showed  that  conventional  tensile  testing  could  be  used  as 
an  equivalent  method  for  this  particular  cable  design. 

9.1  Advantages 

The  new  test  method  is  far  more  convenient  than  actual  ice 
loading  and  can  be  set  up  in  a  relatively  short  period  of  time.  It 
allows  direct  observation  of  the  test  cable  under  conditions  that 
closely  approximate  real  installations.  Once  a  new  design  has 
been  validated,  conventional  tensile  testing  can  be  used  with 
increased  confidence. 
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This  method  can  also  be  used  for  long-term  tests  without  tying  up 
expensive  tensile  test  equipment.  Constant-load  testing  can  be 
done  without  the  need  for  complex  controls.  Thus,  creep  tests  can 
be  done  more  easily. 

This  test  method  can  be  particularly  helpful  when  demonstrating 
cable  performance  to  non-technical  people.  The  hose  and  water 
have  a  specific  gravity  close  to  that  of  ice.  The  similarities 
between  a  water-filled  hose  and  an  ice  cylinder  of  roughly  similar 
cross-section  are  fairly  obvious.  This  allows  observers  to  “see” 
the  cable  tested  under  realistic  conditions  that  do  not  rely  upon  a 
complete  understanding  of  the  underlying  physical  principles. 
This  is  particularly  helpful  for  illustrating  how  span  tensions  can 
be  so  high  when  the  ice  itself  weighs  only  a  fraction  of  the 
resulting  tension. 


Figure  5.  Sag  Measurement 
during  Simulated  Ice  Load 


9.2  Limitations 

The  accuracy  of  the  test  as  conducted  was  limited  by  the  available 
facilities.  The  ground  was  not  completely  level  and  precise 
measurements  were  obviously  not  realistic  on  a  grassy  surface. 
The  support  poles  shifted  slightly  under  load,  further  limiting  the 
accuracy  of  sag  measurements. 

This  test  does  not  account  for  the  effects  of  temperature  upon 
cable  materials.  For  example,  the  cable  jacket  is  much  softer  at 
30°C  than  at  -10 °C.  It  is  expected  that  the  jacket  would  be  less 
likely  to  slip  at  lower  temperatures.  So,  the  test  as  performed  is 
thought  to  be  conservative.  Nonetheless,  temperature  is  an 
uncontrolled  variable  that  can  be  significant. 

It  is  not  always  possible  to  find  a  hose  with  a  diameter  and  density 
that  provides  an  exact  match  for  the  intended  ice  load.  Thus,  the 
test  often  cannot  be  used  to  provide  design  verification  exactly  at 
the  specification  limit.  However,  it  is  always  possible  to  perform 
theoretical  calculations  using  the  distributed  load  that  is  available. 
Thus,  the  design  model  itself  can  still  be  validated.  It  is 
recommended  that  this  always  be  done  at  a  load  that  exceeds  the 
specification  limits. 

The  mechanical  properties  of  the  water  filled  hose  are  obviously 
not  the  same  as  ice.  This  is  a  minor  issue  for  the  cable  alone. 
However,  it  would  complicate  the  testing  of  cables  in  combination 
with  special  hardware.  For  example,  splice  closures  and  “snow- 
shoes”  introduce  concentrated  loads  that  will  behave  differently 
under  real  ice  loads. 

9.3  Suggested  Improvements 

Testing  could  be  done  more  conveniently  on  a  site  built  especially 
for  this  purpose.  A  continuous,  level  concrete  pad  would  simplify 
sag  measurements.  The  utility  poles  would  shift  less  if  set  in 
concrete.  This  also  would  improve  sag  measurements. 
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Abstract 

The  present  paper  investigates  the  effects  of  the  lightning 
waveforms  described  in  IEC  60794-4-1  [10]  on  various 
OPGW  designs.  Increasing  the  charge  transfer  level  of  the 
continuing  current  component,  the  most  damaging  one,  the 
residual  breaking  strength  of  the  cable  decreases.  ’  The 
damage  on  the  cable  for  charge  transfer  larger  than  100  C 
seems  to  be  strongly  dependent  on  the  cable  diameter  more 
than  on  wire  diameter.  The  results  of  this  experimental  work 
show  that  we  have  to  consider  both  mechanical  and 
lightning  resistance  together  with  Keraunic  levels3  of  the 
area  of  installation,  in  crder  to  design  reliable  and  cost 
effective  OPGWs . 

Keywords 

OPGW;  lightning;  lightning  resistance  improvement 

1.  Introduction 

The  primary  function  of  overhead  ground  wires  is  to 
protect  a  transmission  line  from  damages  and  outages 
caused  by  lightning.  Snce  early  eighties,  Power  Utilities 
began  to  substitute  the  traditional  large  metallic  cross- 
section  ground  wires  installed  on  very  high  voltage 
overhead  lines  with  composite  OPtical  Ground  Wires 
(OPGW),  in  order  to  assure  both  lightning  protection  and 
data  transmission  (generally  relevant  to  the  operation  of  the 
overhead  power  transmission  systems).  Short  circuit 
currents  required  for  such  high  voltage  systems  were 
generally  high  and  thus  metallic  cross  section,  diameter 
and  weight  of  these  ground  wires  were  relatively  large. 
During  the  last  decade,  the  use  of  OPGWs  has  experienced 
a  fast  growth  due  to  the  liberalization  of  the  Telecom 
market,  allowing  the  Power  Utilities  to  exploit  all  their 
existing  rights  of  way  in  order  to  build  their  own  long 
distance  telecom  transmission  networks. 

Nowadays  the  evolution  of  the  Telecom  market  is  pushing 
the  Utilities  to  spread  the  telecom  networks  along  power 
distribution  lines  where  lower  short  circuit  requirements 
allow  in  theory  to  install  smaller  and  lighter  ground  wires. 
Such  ground  wires  are  obviously  more  vulnerable  to 

3  Keraunic  level:  number  of  thunderstorm  days  occurring  per  year  at  a 
given  location. 


lightning  strikes,  consequently  OPGWs  may  have  their 
strands  broken  and  the  optical  core  severely  damaged  when 
struck  by  high-energy  lightning. 

However,  Telecom  transmission  systems  should  present  a 
very  high  degree  of  reliability  and  therefore,  when  a 
conventional  ground  wire  has  to  be  replaced  by  an  OPGW, 
care  must  be  taken  to  design  and  install  an  OPGW  capable 
of  withstanding  lightning  throughout  its  lifetime.  A  safe 
design  trade  off  must  be  found  taking  into  consideration 
OPGW  diameter,  weight,  short  circuit  current,  mechanical 
and  lightning  resistance,  lightning  frequency  and  statistical 
distribution  of  charge  levels  in  the  area  of  installation. 

It  is  worth  to  mention  that  a  natural  lightning  has  three 
main  components:  a  high-current,  short  duration  initial 
stroke,  followed  by  a  low  level  continuing  current 
component  and,  finally,  by  a  fast-front  subsequent  stroke 
[1-3].  As  a  first  approximation  it  can  be  assumed  that  10% 
of  all  lightning  events  are  positive  and  90%  are  negative. 
Positive  lightning  flashes  have  a  total  charge  transfer 
typically  one  order  of  magnitude  larger  than  negative 
flashes  (max.  300  C  vs.  40  C  of  negative  flashes  for  95% 
of  all  lightning  events)  [1],  Positive  flashes  up  to  600  C 
have  been  also  reported  during  winter  lightning  [4], 
however  it  is  known  that  winter  lightning  is  an  anomalous 
event  in  the  world,  which  means  it  is  very  rare.  Charges 
associated  with  typical  negative  lightning  strokes  are 
instead  in  the  ange  from  5  to  40  C  (95%  of  all  events) 
[5,6].  It  is  widely  accepted  that  the  melting  damage 
observed  in  the  field  is  usually  associated  with  the 
continuing  current  component  of  lightning.  Previous  works 
on  lightning  testing  to  OPGW  have  analyzed  lightning 
damage  of  the  continuing  current  component  to  the  optical 
ground  wire  by  the  use  of  battery  banks  [7,8],  Alternative 
lightning  test  methods  based  on  welding  arc  machine  have 
also  been  studied  [9], 

The  present  work,  after  preliminary  trials  carried  out  using 
different  waveforms  in  order  to  confirm  the  most  damaging 
component  of  the  lightning  current,  investigates  the  effects 
of  the  lightning  phenomenon  on  various  OPGW  designs, 
characterized  respectively  by  high  short-circuit  currents 
(large  diameter  OPGWs)  and  by  low  short-circuit  currents 
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(low  diameter  OPGWs).  In  particular,  this  paper 
investigates  the  effects  of  the  lightning  waveforms  based 
on  IEC  60794-4-1  [10]  on  48  fibers  OPGW  cables  with 
different  armors  (in  terms  of  wire  materials,  wire  diameter, 
cable  diameter,  wire  numbers,  etc.)  and/or  inner  optical 
core  designs.  The  prototype  cables  have  been 
manufactured  and  tested  at  Kinectrics  International  Inc. 
(formerly  Ontario  Hydro  Research)4,  applying  to  the 
OPGW  samples  each  separate  component  of  the  lightning 
current  and  the  combination  of  them.  The  results  obtained 
show  that  OPGW  with  diameters  larger  than  12.0  mm 
show  a  relatively  good  optical  and  mechanical  behavior 
against  lightning  for  charge  transfers  up  to  200  C  (which 
cover  more  than  99%  of  all  events). 

2.  Experimental  Setup 

The  purpose  of  a  lightning  arc  test  is  to  simulate  the 
damage  caused  by  natural  lightning.  A  possible  lightning 
arc  test  is  described  in  Annex  F  of  [10].  The  lightning  test 
waveform  is  specified  as  derived  from  a  US  military 
aviation  specification  [11].  Like  natural  lightning,  the 
standard  recommends  a  combination  wave.  Component  A 
is  a  current  pulse  of  high  magnitude  and  short  duration, 
simulating  the  initial  stroke.  Component  C  is  a  low-level 
DC  puls  e,  simulating  the  continuing  current.  Component  D 
is  similar  to  Component  A  in  magnitude  but  is  shorter  in 
duration  and  simulates  the  subsequent  stroke.  In  addition  to 
these,  Component  B,  a  medium-level  current  pulse  not 
associated  with  natural  lightning,  is  intended  to  sustain  the 
arc  between  Components  A  and  C  during  the  test.  The 
parameters  for  each  component  are  described  in  Table  1 . 

Table  1.  Parameters  of  the  four  components 
according  to  IEC 
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The  test  circuit  for  the  Component  A  involves  a  capacitor 
bank  feeding  through  a  low-inductance  cable  to  the  arc  head, 
which  clamps  to  the  test  cable.  The  test  circuit  for  the 
Component  B  involves  a  30  000  F  capacitor  bank  charged 
to  400  V  and  discharging  through  0.015  resistor  used  to 
indicate  the  current  level.  The  arc  head  for  A  and  B 
components  is  designed  to  withstand  both  the  heating  and 
mechanical  forces  imposed  by  the  current.  For  Component 
C,  the  continuing  current  is  supplied  by  a  battery  bank  and 
limited  by  a  resistor.  Because  of  the  lower  power  and  longer 
duration  of  the  Component  C  test,  the  arc  tends  to  wander 
and  even  self-extinguish  before  the  end  of  the  test  time.  In 
order  to  achieve  a  stable  arc,  the  arc  head  is  designed  to  be 
magnetically  balanced  with  four  symmetrical  returning  paths 


4  Kinectrics  International  Inc.,  800  Kipling  Avenue  -  Toronto,  Ontario 
M8Z  6C4,  Canada.  Tel.  +1  416  207  67  41  (www.kinectrics.com) 


with  respect  to  the  electrode.  Such  an  arc  head  does  not 
completely  eliminate  arc  root  wandering  or  early 
extinguishing,  but  greatly  reduces  its  likelihood.  Figure  1 
shows  typical  current  waveforms  applied  on  the  cables 
according  to  [10]. 

Since  one  of  the  goals  of  this  investigation  is  to  assess  the 
contribution  of  Components  A,  B,  C  and  D  on  the  damage 
caused  by  the  complete  combination  wave,  a  series  of  tests 
involving  the  various  waveform  components,  separate  and 
in  combination,  were  performed.  The  basic  test  program 
involved  four  waveforms,  each  to  be  applied  to  two 
samples  of  each  type  of  cable:  A  alone,  B  alone,  C  alone 
and  the  combined  waveform  A  +  B  C  D,  where  the  sign 
“+”  means  that  A  component  is  performed  separately  from 
BCD  components,  which  were  done  consecutively.  There 
were  two  C  nominal  levels:  Cl  with  100C  charge 
transference  (2 00 A  x  500ms)  and  C2  with  200 C  charge 
transference  (400A  x  500ms).  All  waveforms  had  negative 
polarity.  The  setup  for  the  tests  involved  OPGW  cable 
samples  of  approximately  12  m  long  tensioned  to  13  3% 
of  cable  RTS.  A  3  mm  tungsten  rod  electrode  was  located 
5  1  cm  from  the  tested  samples  and  a  thin  fuse  wire  was 
used  to  initialize  the  stroke.  Before  each  strike,  the  cable  in 
the  arc -head  region  was  locally  heated  to  40  5  °C  with  a 
heat  gun  to  simulate  solar  heating  on  a  warm  day.  After 
testing,  visual  inspection  was  conducted  to  determine  the 
number  of  broken  strands.  All  samples  were  submitted  to 
tensile  test  to  determine  the  rate  of  residual  strength  after 
lightning. 
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Figure  1.  Waveform  samples  performed  on 
OPGW  S2 
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Three  types  of  single  armor  OPGW  cables  samples  (SI  to 
S3)  were  fully  tested  according  to  the  previous  testing 
schedule.  Seven  additional  cables  (S4  to  S10)  where  tested 
for  different  severity  levels  of  the  continuous  C  component 
alone.  Table  2  shows  the  cable  structures  of  the  OPGW 
submitted  to  testing  which  are  schematically  shown  in 
Figure  2. 

Table  2.  OPGW  structure  of  the  cables  tested. 
SSCT  stands  for  Stainless  Steel  Central  tube;  AL 
stands  for  Aluminum  tube;  SSST  stands  of 
Stainless  Steel  Stranded  Tube,  AS  stands  for 
Aluminum  clad  Steel,  and  AA  stands  for 
Aluminum  Alloy. 
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Figure  2.  OPGW  structures:  with  Aluminium  tube 
(left),  Stainless  Steel  Central  Tube  (center),  and 
Stainless  Steel  Stranded  Tube  (right) 


3.  Results 

Table  3  summarizes  the  results  for  OPGW  SI  (88A21z). 
Component  A  causes  minimal  damage  over  a  broad  patch 
and  no  wires  are  broken.  The  residual  breaking  strength  is 
that  of  the  untested  cable.  Component  B  causes  also 
minimal  damage  on  the  samples  but  the  breaking  strength 
decreases  by  10%.  As  expected,  Component  C  causes  the 
most  damage.  For  100  C  charge  transference,  the  residual¬ 
breaking  load  is  reduced  by  40%  and  steel  tube  and  fiber 
optics  are  damaged.  For  200  C,  the  sample  is  severely 
damaged  (all  wires  and  central  steel  tube  are  broken).  The 
results  for  the  combination  wave  show  that  the  damage  of 
B  and  C  components  are  cumulative.  Figure  3  (left 
column)  shows  the  cable  samples  after  each  lightning 
component  is  applied. 

Tables  4  and  5  summarize  the  results  for  OPGW  S2  and 
S3,  respectively;  Figure  3  (right  column)  shows  the 
damage  on  the  samples  for  OPGW  S2.  At  Q  level,  the 
residual  breaking  strength  is  reduced  to  47%  of  its  original 
value  for  OPGW  S2  and  to  65%  for  OPGW  S3.  Such  a 
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difference  can  be  explained  in  terms  of  the  large  diameter 
wires  of  OPGW  S3  relative  to  those  of  OPGW  S2  together 
with  a  higher  cable  diameter.  The  combined  waveform 
with  Q  causes  no  or  very  little  additional  damage  to  the 
samples.  Comparing  the  rate  of  residual  strength  to  the 
number  of  broken  wires  it  is  worth  noting  that  it  is  not 
necessary  for  strands  to  be  visibly  broken  for  them  to  be 
structurally  weak.  For  example,  OPGW  S2  at  the 
combination  level  with  G  shows  a  breaking  strength  of 
34%  with  2  broken  wires  and  44%  with  no  broken  wire  for 
almost  the  same  charge  transference  level. 

Regarding  the  reliability  of  the  optical  system  results  are 
quite  similar  to  those  of  OPGW  SI  up  to  100  C  except  that, 
for  OPGWs  S2  and  S3,  the  optical  unit  (aluminum  tube)  is 
never  damaged.  The  reason  might  be  that  aluminum  has  a 
much  larger  thermal  and  electrical  conductivity  than 
stainless  steel  and,  therefore,  the  aluminum  tube  properly 
absorbs  the  arc  energy  and  current  of  the  flash,  thus 
reducing  the  damage  and  protecting  optical  fibers. 

Table  3.  Charge  transference  in  Coulombs, 
Number  of  Broken  Wires,  and  Rate  of  Residual 
Strength  (rate  of  ultimate  tensile  strength  before 
and  after  testing)  for  OPGW  SI  (88A21z).  (*)  SS 
means  that  stainless  steel  tube  containing  the 
fibers  was  severely  damaged  by  lightning  arc. 
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Table  4.  Charge  transference  in  Coulombs, 
Number  of  Broken  Wires,  and  Rate  of  Residual 
Strength  for  OPGW  S2  (32C50s). 
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Table  5.  Charge  transference  in  Coulombs, 
Number  of  Broken  Wires,  and  Rate  of  Residual 
Strength  for  OPGW  S3  (50H71z). 
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Figure  3.  Lightning  damage  of  different 
waveforms  on  OPGW  SI  (left  column)  and  S2 
(right  column).  From  top  to  bottom,  components 
A,  B,  Ci,  C*  A+BC-jD  and  A+BC2D 

This  statement  can  be  supported  by  analysing  the  damage 
by  charge  transference  levels  of  200C  on  these  two  cables 
which  show  a  quite  large  residual  strength  after  testing 
compared  to  that  of  OPGW  SI.  This  result  can  be  a  direct 
consequence  of  the  combined  effect  of  the  charge 
transference  level,  the  optical  unit  material  and  the 
dimension  of  the  arc  root  relative  to  the  cable  diameter. 
When  the  arc  root  and  cable  diameters  are  similar  (  10mm) 
all  the  thermal  energy  supplied  by  the  arc  starts  to  fuse  the 
upper  strands  (those  closer  to  the  electrode).  Since  the 
magnetically  balanced  electrode  stabilizes  the  arc,  further 
penetration  of  the  arc  root  to  the  bottom  strands  occur 
causing  the  complete  destruction  of  the  armour.  However, 
for  large  cable  diameters,  only  the  upper  strand  section  is 
damaged.  In  addition,  the  aluminium  tube  looks  to  block  the 
pass  of  the  arc  root  to  the  bottom  section  of  the  armour  thus 
limiting  the  damage  to  approximately  half  of  the  wires  of  the 
armour.  The  resulting  residual  strength  is  then  in  the  vicinity 
of  50%. 

In  order  to  verily  these  statements  a  new  series  of  lightning 
tests  were  carried  out  on  OPGWs  S4  to  S10.  Along  this 
series,  only  the  C-component  waveform  was  performed  but 
changing  the  charge  transference  level  from  50  to  200C. 
Results  are  summarized  in  Table  6. 


large  charge  transfer  levels,  the  damage  caused  by 
lightning  is  related  to  the  dimension  of  the  arc  root  relative 
to  the  cable  dimension  and  less  dependent  on  wire 
diameter. 

Results  for  OPGW  S7  to  S9  correspond  to  lightning  strikes 
on  central  steel  tube  structure.  The  stainless  steel  tube  for 
these  three  cables  is  the  same  but  the  difference  is  the 
number  and  diameter  of  the  wires  of  the  armor.  OPGW  S7 
shows  a  residual  strength  as  low  as  22%  at  110C.  In 
addition,  the  stainless  steel  tube  is  severely  damaged  at 
155C.  Same  behavior  is  observed  for  OPGW  S8,  but  the 
residual  breaking  strength  is  34%  and  the  steel  tube  results 
damaged  at  208  C.  However,  for  OPGW  S9,  with  larger 
diameter  wires  and  thus  larger  cable  diameter  (10  mm),  the 
stainless  steel  tube  is  not  damaged  although  the  rate  of 
residual  strength  is  closed  to  30%  for  204  C.  These  results 
indicate  that,  provided  the  stainless  steel  tube  is  the  same, 
the  larger  the  diameter  of  the  wires  (thus  the  cable 
diameter)  improves  the  protection  of  the  OPGW  against 
lightning  strikes  of  higher  charge  transfer.  It  is  worth 
noting  that  the  complete  damage  observed  at  187C  for  the 
central  stainless  steel  tube  SI  could  be  a  direct 
consequence  of  using  a  mixed  armour  made  of  aluminum 
alloy  and  aluminium  clad  steel  wires  in  the  armor. 

Finally,  the  last  rows  of  Table  5  show  the  results  for  a 
double  layer  OPGW  with  a  stranded  steel  tube.  The  cable 
has  a  central  metallic  element  of  AS  3.45mm,  an  inner 
armor  made  of  5  AS  wires  3.30mm  and  the  stainless 
steel  tube,  and  an  outer  armor  of  1 5  AA  wires  of  2.52mm 
diameter.  For  this  cable,  tests  were  done  trying  to  perform 
the  lightning  strikes  in  a  position  close  to  the  stainless  steel 
tube  since  this  is  the  most  severe  condition  that  can  occur 
in  the  field  from  the  point  of  view  of  reliability  of  the 
telecommunication  system.  Results  show  that  the  stainless 
steel  tube  was  never  damaged  in  all  the  range  of  charge 
transference  levels  (50-200C)  whereas  the  rate  of  residual 
strength  follows  the  trend  of  OPGW  S3,  an  Aluminum  tube 
OPGW  with  single  layer  and  same  outer  diameter. 


The  optical  unit  was  never  damaged  for  OPGWs  S4  to  S6. 
OPGW  S4  (27C32z)  shows  barely  the  same  rate  of  residual 
strength  (60-50%)  for  charge  transfer  levels  going  from  50 
to  213C  although  the  visual  damage  on  wires  is  larger  for 
increasing  charge  transfer.  Similar  results  are  observed  for 
OPGW  S5,  a  larger  diameter  cable  with  2.70  AS  wires. 

Comparing  the  results  for  OPGWs  S3  and  S5  (similar 
cable  diameters)  it  is  observed  that  similar  residual 
strengths  are  left  independent  of  the  diameter  of  the  wires 
of  the  armor.  This  is  in  agreement  with  the  idea  that,  for 
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Table  6.  Charge  transference  in  Coulombs, 
Number  of  Broken  Wires,  and  Rate  of  Residual 
Strength  for  C-component  lightning  tests  on 
OPGWs  S4  to  S10.  AS  and  AA  references  the 
material  of  the  wire  broken.  (*)  SS  means  that 
stainless  steel  tube  containing  the  fibers  was 
severely  damaged  by  lightning  arc. 


IHtt 

2mlsfaot - 'Hi 

mm 

NBW 

Tar 

27C32z 

St 

| — — 

1AS+1  AA 

62% 

49 

IAS 

61% 

101 

1AA+2AS 

61% 

101 

3AA+2AS 

45% 

153 

3AA+2AS 

59% 

213 

3AA+2AS 

56% 

51E67z 

S5 

92 

0 

55% 

111 

3 

59% 

149 

2 

58% 

152 

3 

57% 

185 

4 

43% 

187 

4 

57% 

30B50z 

S6 

51 

- 

1 

70% 

54 

1 

68% 

80A21z 

S7 

47 

2 

51% 

49 

3 

53% 

91 

3 

47% 

102 

4 

44% 

110 

5 

22% 

155 

5+SS  (*) 

30% 

153 

4 

36% 

- 

- 

88A26z 

S8 

53 

2 

56% 

52 

0 

61% 

106 

1 

48% 

102 

1 

43% 

167 

3 

40% 

140 

2 

41% 

225 

5 

34% 

208 

4+SS  (*) 

40% 

99A34z 

89 

52 

1 

64% 

55 

1 

65% 

110 

2 

56% 

106 

2  | 

56% 

138 

I 

53% 

141 

2 

45% 

211 

3 

40% 

204 

4 

29% 

48 

1  AA 

77% 

54 

3  AA 

74% 

51D57Ds 

98 

2  AA 

50% 

90 

2  AA 

78% 

S10 

158 

6  AA 

55% 

140 

6  AA 

52% 

213 

5  AA 

72% 

194 

7  AA 

52% 

To  summarize  the  above  experimental  results,  Figure  4 
shows  the  worst  values  of  the  rate  of  residual  strength  vs. 
the  charge  transfer  for  the  cables  tested.  Despite  the 
scattering  of  the  results  due  basically  to  the  behavior  of  the 
arc  root  on  the  test  samples,  a  general  trend  can  be  clearly 
observed.  OPGW  cables  with  diameter  larger  than 
12.0mm  show  (in  average)  a  decreasing  rate  of  residual 
strength  up  to  50%  RTS  at  200C  (solid  line),  whilst  cables 
with  diameter  lower  than  10  mm  show  a  30%  RST  at  200C 
(dotted  line)  and,  more  importantly,  the  optical  unit  is 
damaged  for  three  of  the  four  cables  tested  for  charge 
transfer  values  above  100  C. 


Figure  4.  Rate  of  residual  strength  vs.  charge 
transference  for  different  OPGW  cables.  The 
solid/dotted  line  is  the  interpolating  curve  for 
cables  above/below  12mm  diameter. 

4.  Conclusions 

This  paper  analyzes  the  effects  of  different  components  of 
the  lightning  waveforms  according  to  [10]  on  different 
OPGW  cable  structures. 

As  far  as  the  different  components  are  concerned,  it  is 
shown  that  Component  A  (so  D)  alone  causes  no  damage 
to  the  cable.  The  artificial  B-component  alone  causes  little 
damage  to  the  samples.  Component  C,  the  continuing 
current,  causes  the  larger  damage.  Therefore,  combining 
component  C  with  AB  and  D  has  no  significant  effect,  and 
so  it  is  unnecessary. 

As  regards  the  lightning  damage  from  C  component  alone, 
it  is  shown  that  it  increases  progressively  with  increasing 
charge  transfer  level.  Test  levels  up  to  50C  (covering  95% 
of  all  negative  lightning  events)  lead  to  one  to  three  broken 
strands,  similar  to  lightning  damage  observed  in  field. 
OPGW  cables  with  diameter  larger  than  12.0  mm  show  a 
rate  of  residual  strength  around  50%  at  200C  and  no 
damage  to  the  optical  unit.  Small  diameter  cables  (<10 
mm)  with  central  stainless -steel  optical  unit  show  rates  of 
residual  strength  around  30%  of  its  original  value  at  200  C, 
and  the  optical  unit  is  severely  damaged  for  diameters 
below  9.0  mm  at  this  charge  transfer  level.  These  results 
indicate  that  central  stainless -steel  tube  designs  with  single 
armor  have  to  be  used  only  in  areas  with  mediumlow 
Keraunic  levels.  Whenever  possible,  it  is  safe  to  use 
OPGW  with  outer  diameter  larger  than  12  mm,  but  with 
approximately  the  same  weight  of  the  original  ground 
wires,  in  order  to  avoid  heavy  additional  loads  to  the 
towers  of  the  overhead  lines. 

The  above  results  show  that  safe  and  cost  effective  design 
criteria  can  nowadays  be  defined  for  various  OPGW 
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applications,  considering  both  mechanical  and  lightning 

resistance  together  with  the  Keraunic  level  of  the  area  of 

installation. 
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Abstract 

We  have  newly  developed  downsized  non-metallic  self-supported 
aerial  drop  cable  for  FTTH.  The  new  8-figured  drop  cable  of  only 
2x5  mm  outer  diameter  is  unique  structure.  Optical  fiber  element, 
which  has  optical  fiber  and  two  non-metallic  strength  members, 
and  metallic  supporting  wire  are  arranged  and  sheathed  with 
flame-retardant  polyolefin  material. 

We  adopted  two  types  of  strength  members,  one  is  glass  FRP  and 
the  other  is  high  strength  plastic  filament. 

These  non-metallic  drop  cables  have  many  advantages,  that  is, 
lower  construction  cost,  easy  installation,  excellent  mechanical 
and  optical  characteristics,  and  excellent  reliability.  It  is  no  doubt 
that  the  simple  and  inexpensive  FTTH  networks  can  be 
constructed  by  using  these  drop  cables. 

Keywords 

Optical;  Drop;  Wire;  Cable;  Non-metallic 

1.  Introduction 

In  recent  years,  the  demand  for  FTTH  network  is  rapidly 
increasing  in  Japan.  In  order  to  construct  FTTH  network 
economically,  it  is  necessary  to  reduce  both  the  components  cost 
and  the  construction  cost  of  the  networks.  From  the  viewpoint  of 
drop  cable  design,  the  cable  structure  should  be  designed 
considering  easy  installation,  low-priced  structure,  and  excellent 
reliability. 

Figure  1  shows  the  current  aerial  drop  cable  in  Japan.  Optical 
fiber,  two  metallic  strength  members,  and  supporting  wire  are 
arranged  and  sheathed  with  PVC  or  flame-retardant  polyolefin 
material.  The  cable  has  several  features.  First,  it  is  very  thin  and 
inexpensive  structure.  Second,  the  cable  has  excellent  in 
mechanical  and  optical  reliability,  even  the  divergence  part  of  the 
cable,  because  rigid  metallic  wires  are  used  as  the  strength 
member  of  the  optical  fiber  element.  Third,  the  cable  can  be  easily 
installed  in  the  closure,  because  the  fiber  can  be  easily  taken  out 
and  the  supporting  wire  can  be  easily  separated  from  the  cable. 

However,  when  this  cable  is  installed,  the  extra  work  is  required 
to  prevent  the  sunder  surge,  that  is,  cutting  the  cable  at  an  outside 
termination  box  and  connecting  it  to  an  indoor  cable. 


Optical 

fiber 

element 


Metallic  supporting  wire 
(1.2  mm) 

PVC  or  FR  polyolefin  sheath 

Metallic  strength  member 
(0.4  mm) 


Notch 


Optical  fiber 


Figure  1  The  current  optical  drop  cable  in  Japan 


To  improve  this  problem,  we  developed  aerial  drop  cable  with 
non-metallic  strength  members  for  the  reduction  in  the 
construction  time  and  the  components. 


2.  Design  of  the  new  non-metallic  aerial 
drop  cable 

2.1  Basic  cable  structure 

The  basic  structure  of  the  new  drop  cable  is  designed  by  following 
the  current  type  cable  structure.  That  is  thin  8-figured  structure 
which  consists  of  optical  fiber  element  and  supporting  wire  part. 

2-2  Cable  dimension  and  supporting  wire  size 

We  carefully  examined  the  outer  diameter  and  the  supporting  wire 
size  so  that  the  cable  elongation  might  not  exceed  the  safe  range 
even  in  hard  environmental  condition,  such  as  strong  wind  with 
high  or  low  temperature.  We  designed  the  cable  of  2x5  mm  in 
outer  diameter.  And  we  adopted  a  steel  wire  of  1.2  mm  diameter 
for  the  cable. 


2-3  Optical  fiber 

We  developed  one  fiber  type  and  two  fibers  type  cables,  in  order 
to  adjust  to  the  media  converter  of  various  types. 

2-4  Study  of  the  non-metallic  strength  member 

We  investigated  the  structure  of  the  non-metallic  strength  member. 
We  made  four  types  of  cables  with  various  non-metallic  strength 
members  for  trial.  Figure  2  shows  the  structure  of  these  cables.  In 
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Cable  A  Cable  B 


two  hard  plastic  filaments  are  placed  both  side  of  the  optical  fiber 
in  the  sheath  material. 

These  cables  were  subjected  conduit  installation  test.  Figure  3 
illustrates  the  test  procedure,  and  Table  1  shows  the  test  result. 
These  cables  were  pushed  or  pulled  into  the  conduit.  All  the 
cables  were  easily  installed  into  the  conduit.  However,  as  for  the 
optical  fiber  element  installation,  only  the  hard  plastic  and  the 
FRP  type  cables  (Cable  C,  D)  were  able  to  be  pushed  into  the 
conduit  smoothly. 

Then  we  evaluated  the  lateral  pressure  characteristics  of  the  cables. 
Figure  4  shows  the  result  of  the  test.  The  Cable  B,  C  and  D  show 
almost  no  loss  increase,  up  to  1960N.  These  test  results  indicate 
that  stiff  strength  member  is  desirable  for  cable  installation. 

So,  we  developed  two  types  of  non-metallic  drop  cables,  one  is 
the  cable  with  glass  FRP  as  the  strength  member  (FRP  type  cable), 
and  the  other  is  the  cable  with  high  strength  plastic  filament(PF 
type  cable). 

Table  1  The  installation  test  result 


High  strength  plastic  filament 

Cable  C  Cable  D 

Figure  2  The  prototype  cable  structure 


/ 

Drop  cable 

1)  The  initial  Cable 

2)  The  optical  fiber  element 
(Cable  after  cutting  off 

the  supporting  wire) 


Figure  3  Illustrates  of  the  installation  test  procedure 


Cable  A,  aramid  yam  surrounds  the  optical  fiber.  In  Cable  B,  two 
bundles  of  aramid  yam  are  placed  both  side  of  the  optical  fiber  in 
the  sheath  material.  In  Cable  C,  two  glass  FRP  rods  are  placed 
both  side  of  the  optical  fiber  in  the  sheath  material.  In  Cable  D, 


The  initial  cable 

The  optical  fiber  element 
(the  cable  after  the 
supporting  wire  is 

Pushing 

Pulling 

Pushing 

Pulling 

Cable  A 

Pass 

Pass 

Failure 

Pass 

Cable  B 

Pass 

Pass 

Failure 

Pass 

Cable  C 

Pass 

Pass 

Pass 

Pass 

Cable  D 

Pass 

Pass 

Pass 

Pass 

Figure  4  Lateral  pressure  characteristics 
of  the  trial  cables 
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2-5  Structure  of  the  newly  developed  cables 

Figure  5  shows  the  cross  section  of  the  newly  developed  aerial 
drop  cables.  Primary  coated  optical  fiber(s),  two  non-metallic 
strength  members,  and  supporting  wire  are  arranged  and  sheathed 
with  flame-retardant  polyolefin  material.  In  order  to  keep 
reliability  on  optical  characteristics,  the  strength  member  should 
be  adhered  to  the  sheath. 

In  this  case  we  have  applied  adhesives  to  the  FRP  while  the 
plastic  filament  uses  its  unique  star  cross-sectional  shape  to 
adhere  itself  with  sheath  material. 

Table  2  shows  the  main  characteristics  of  these  cables.  The  outer 
diameter  of  the  cables  are  about  2x5  mm.  The  maximum  tensile 
road  of  the  cable  is  700N.  As  for  the  maximum  tensile  road  of  the 
optical  fiber  element,  the  PF  type  cable  has  about  two  thirds  of  the 
FRP  type  cable.  But  the  PF  cable  is  more  flexible  and  tough  than 
the  FRP  cable.  So,  these  cables  can  be  properly  used  according  to 
the  environment. 


Non-metallic 
strength  member 
(Glass  FRP  witl 
adhesive) 


Size:2  x  5mm  size:2  x  5mm 


Metallic  support  wire 
FR  polyolefin  sheath 


Non-metallic 
strength  member 
(Star  shaped  high 
strength  plastic 
filament) 

Notch 


Optical  fiber 


a)  FRP  type  cable  b)  Plastic  filament  (PF) 

type  cable 

Figure  5  The  cross  section  of  the 
newly  developed  drop  cables 


Table  2  Main  characteristics  of  the  cables 


FRP  type 

PF  type 

outer  diameter 

2x5  mm 

2x5  mm 

Maximum  tensile  road 
(Supporting  wire) 

700N 

700N 

Maximum  tensile  road 
(Optical  fiber  element) 

40N 

25N 

Minimum  bend  radius 
(Optical  fiber  element) 

40mm 

30mm 
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3.  Advantages  of  the  new  drop  cable 

a)  Reduction  of  component  and  construction  work 

Figure  6  shows  the  example  of  wiring  for  the  drop  cable  in 
outdoor. 

The  current  cable  should  be  terminated  and  connected  to  indoor 
cable  at  an  outside  termination  box  to  prevent  the  thunder  surge 
(6-a). 

On  the  other  hand,  the  newly  developed  non-metallic  drop  cable 
can  be  installed  from  the  drop  point  into  the  house  without 
termination  box  (6-b).  So,  we  can  achieve  the  reduction  in  the 
construction  time  and  components  by  using  this  cable. 


Indoor 

cable 


a)  Current  type  (metallic  type)  cable 


b)  Newly  developed 

(non-metallic  type)  cable 
b)  Easy  separation 

Figure  6  The  example  of  wiring  for  the  drop  cable 
in  outdoor 
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The  optical  fiber  element  can  be  easily  separated  from  the 
supporting  wire,  because  the  cable  has  8-figured  structure  with 
thin  bridge  part.  In  addition,  the  optical  fiber  can  be  easily  taken 
out,  because  the  optical  fiber  element  has  notches  on  the  sheath 
above  the  fiber. 

So,  we  can  easily  connect  this  cable  to  the  feeder  cable  or  media 
converter. 

c)  Easy  fixing 

Thin  supporting  wire  can  be  applied  for  the  cable  because  the 
cable  has  thinner  structure.  The  supporting  wire  is  steel  wire  of 
1.2mm  in  diameter.  Such  size  of  wire  can  be  easily  bent  by  hand. 
So,  we  can  use  the  clamp,  supporting-wire-winding-type  clamp 
shown  in  figure  7,  for  cable  fixing.  By  using  this  inexpensive 
clamp,  we  can  fix  the  supporting  wire  very  easy,  that  is,  we  can 
bend  and  wind  the  wire  onto  the  clamp  by  hand. 


Figure  7  Supporting-wire-winding-type  clamp 


d)  Excellent  environment  and  mechanical  stability 

The  optical  fiber  element  has  two  rigid  strength  members,  which 
are  adhered  enough  to  the  sheath. 

The  optical  characteristics  of  the  divergence  part  will  be  kept  even 
in  the  low  temperature,  because  of  these  strength  members.  In 
addition,  the  divergence  part  has  sufficient  strength  in  handling 
such  as  cable  installation  work  at  the  drop  closure. 

4.  Outdoor  distribution  model 

Figure  8  shows  a  typical  distribution  model  of  FTTH  system  by 
using  the  newly  developed  cable. 

At  the  drop  point,  the  drop  cable  is  separated  to  supporting  wire 
and  optical  fiber  element.  The  supporting  wire  is  fixed  to  the  pole 
with  the  supporting- wire-twisting-type  clamp.  The  optical  fiber 
element  is  inserted  into  the  closure  and  fastened.  Then  the  optical 
fiber  is  spliced  to  the  feeder  cable.  At  the  other  side  of  the  cable, 
the  supporting  wire  is  cut  off  and  fixed  to  the  wall  of  the  house. 
And  the  cable  is  drawn  into  the  house  and  connected  to  the  media 
converter. 

5.  Characteristics  of  the  trial  cable 

5-1  Optical  loss  after  cabling 

Table  3  shows  the  optical  losses  of  these  cables  after  cabling.  All 
the  cables  were  no  loss  increase  after  cabling. 


Table  3  Optical  loss  after  cabling 


FRP  Type 

PF  Type 

Attenuation 

(dB/km,  @1.55  pm) 

0.20 

0.20 

Supporting  wire  is  separated  from  the 
cable  and  fixed  to  the  pole  with  clamp. 


Optical  loss  (dB/km,  @  1.55pm) 


5-2  Mechanical  test 

We  examined  the  mechanical  characteristics  of  the  cables  such  as 
lateral  pressure,  bending,  impact,  twisting,  and  squeezing  test.  The 
test  conditions  and  the  results  are  summarized  in  Table  4.  Almost 
no  loss  increases  were  observed  in  all  of  these  tests. 

Table  4  Mechanical  properties  of  the  drop  cables 


Test  item  Test  condition  - - 

_ _  FRP  type  PF  type 


Lateral  pressure 

Length=100mm 

Load=1960N 

<0.05  dB 

<0.05  dB 

Bending 

R=30mm 

90° 

<0.05  dB 

<0.05  dB 

Impact 

0.3kg  x  lm 

1  time 

<0.05  dB 

<0.05  dB 

Twist 

90° 

1  cycle 

<0.05  dB 

<0.05  dB 

Squeezing 

R=250mm 

Load=700N 

4  cycles 

<0.05  dB 

<0.05  dB 

We  also  examined  the  cable  field  test.  Figure  10  shows  the 
illustration  of  the  field  test  method.  About  30m  of  cable  was 
installed  from  an  outside  pole  into  a  house.  Table  5  shows  the  test 
result.  Almost  no  loss  increase  was  observed  for  8  months. 


Therefore,  it  is  confirmed  that  the  cable  has  excellent  reliability. 
Pole 


5-3  Reliability  test 

We  then  examined  the  attenuation  temperature  characteristic  after 
cabling.  The  cable  winding  on  a  drum  of  about  500m  length  was 
tested  in  a  chamber.  Figure  9  shows  the  test  result.  Almost  no  loss 
increases  were  observed  in  the  range  of -30/+70  degree  C. 


Figure  9  Temperature  characteristics  of 
the  newly  developed  cables 


Figure  10  Illustration  of  the  field  test 


Table  5  The  test  condition 

and  the  test  result  of  the  field  test 

Test  condition 

-Outdoor  part  length  About  40m(20m  x  2) 

-Indoor  part  length  About  20m(l 0m  x  2) 

-Total  cable  length  About  60m 

-Initial  tension  of  the  outdoor  part  About  90N 


■  1  est  term  8  month  (Summer  to  Spring ) 

•Field  temperature  -5°C  to  +34°C 


Test  result 

FRP  Type 

PF  Type 

Loss  increase  during 

the  test 

(@1.55pm) 

<0.05  dB 

<0.05  dB 
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5-4  Flame  test 

We  examined  the  flame  test  of  the  cables  in  accordance  with  IEC 
332-3-C.  Table  6  shows  the  test  result.  All  the  cables  met  the  test 
requirements. 


Table  6  Flame  test  results 


FRP  Type  Cable 

PF  Type  Cable 

Pass 

Pass 

6.  Conclusion 

We  have  newly  developed  two  types  of  thin  non-metallic  self- 
supported  aerial  drop  cable  for  FTTH.  One  is  the  cable  with  glass 
FRP  and  the  other  is  the  cable  with  unique  star  shaped  plastic 
filament.  These  cables  have  excellent  optical  and  mechanical 
characteristics.  These  cables  also  have  advantage  in  installing 
work.  Because,  by  using  these  cables,  the  number  of  procedures 
and  components  can  be  reduced. 

So,  it  is  no  doubt  that  the  simple  and  inexpensive  FTTH  networks 
can  be  constructed  by  using  these  drop  cables. 
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Abstract 

A  study  was  conducted  on  the  optical  fiber  composite 
polyvinylchloride-insulated  drop  wire  (hereinafter  called  the 
OPDV),  which  is  a  combination  of  an  optical  drop  wire.  G-FRP 
was  used  in  making  an  optical  unit  tension  member  for  the 
OPDV.  Under  the  title  project,  a  type  of  tension  member  using 
yams  and  another  type  combining  yams  with  G-FRP  were 
developed  to  obtain  satisfactory  handling  characteristics.  As  a 
result,  an  optical  unit  for  the  OPDV  having  satisfactory 
mechanical  properties  and  handling  characteristics  was 
successfully  developed. 

Keywords 

OPDV;  Optical  drop  wire;  G-FRP 

1.  Introduction 

The  widespread  acceptance  of  optical  communication  by 
households  in  general  requires  optical  fiber  dropping  to  houses  at 
low  cost.  It  is  necessary  for  this  purpose  to  study  optical  cables 
and  other  wiring  materials  and  also  methods  of 
cabling.  Combining  a  DV  wire  (polyvinylchloride-insulated  drop 
wire)  for  electric  wiring  to  houses  with  optical  fibers  is  effective 
for  using  the  DV  wire  as  an  optical  fiber  tension  member  and  for 
reducing  the  number  of  cables  to  be  laid.  The  structure  of  the 
OPDV  is  shown  in  figure  1.  Optical  fiber  units  suited  to 
combination  with  DV  wire  were  studied  for  the  development  of  an 
optical  drop  wire.  G-FRP  had  been  used  for  an  optical  unit 
tension  member.  An  increase  in  its  diameter  increases  the 
allowable  bending  diameter,  which  in  turn  causes  an  increase  in 
the  allowable  cable  bending  radius  and  makes  cable  handling 
more  difficult.  To  find  a  solution  to  this  problem,  the  structure  of 
optical  units  for  the  new  OPDV  was  studied  under  this  project. 

2.  Requirement  for  OPDV  optical  unit 

The  following  conditions  were  taken  into  consideration  as 
requirements  for  an  OPDV  optical  unit. 

•Non-metallic  structure 

The  cable  itself  must  be  non-metallic  to  protect  the  optical 
devices  in  the  house  from  the  ill  effects  of  the  electric  current 
induced  by  the  DV  wires. 


•The  strength  necessary  for  cabling  and  ease  of  handling 
•Flame  retardant  quality 

Flame  retardant  quality  is  necessary,  considering  use  in  and 
around  the  house. 


Fig.1  Structure  of  OPDV 

3.  OPDV  optical  unit  design 

G-FRP  rods  about  0.7  to  1.0  mm  in  diameter  had  been  used  to 
meet  the  tensile  strength  required  in  actuallying  cabling  OPDV 
optical  units.  FRP  rods  in  this  range  of  diameters  need  a 
allowable  bending  diameter  of  50  mm  or  more  so  that  accidental 
bending  of  an  OPDV  optical  unit  into  too  small  a  diameter  during 
cabling  could  break  the  FRP.  A  solution  to  this  problem  demands 
FRP  rods  of  smaller  diameter,  but  the  optical  unit  wouldn't  be 
able  to  resist  the  tension  caused  by  cabling. 

3.1  Study  on  yam  type  OPDV  optical  unit  structure 

To  find  a  solution  to  the  above  problem,  a  structure  using  yams 
was  examined  instead  of  rods  as  a  tension  member.  Different  from 
G-FRP,  the  yam  type  is  free  from  breakage  by  bending  and 
permits  adjustment  of  yam  content  percentage  as  desired  to  satisfy 
the  tensile  strength  conditions. 

3. 1. 1  Effect  of  cable  jacket  materials 

The  shrinkage  of  the  cable  jacket  is  a  matter  of  concern  in  using 
the  yam  type.  Yams  have  tensile  strength  in  the  direction  in  which 
they  are  pulled,  but  cannot  withhold  the  shrinkage  of  the  cable 
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jacket  because  of  no  resistance  to  its  shrinkage  due  to  temperature 
change,  for  example.  The  cable  jacket,  when  it  shrinks,  becomes 
wavy,  causing  the  cores  to  bend  and  increases  loss.  This  raises 
the  necessity  of  finding  ways  of  suppressing  cable  jacket 
shrinkage. 


SM  2-fiber  ribbon  PV C 


Fig.2  The  Yarn  Type  OPDV  Optica!  Unit 

(a)  Jacketing  materia!  and  cross  section  dependence 

One  of  the  causes  of  elongation  or  contraction  of  the  cable  jacket 
is  temperature  change.  The  harder  the  jacketing  material,  the 
greater  will  be  the  force  generated  therein  and  the  greater  will  be 
the  force  that  bends  the  optical  fiber.  A  large  optical  unit  cross 
section  tends  similarly  to  increase  the  elongation  or  contraction  of 
the  cable  jacket.  That  is,  the  force  causing  elongation  or 
contraction  of  the  cable  covering  is  related  to  the  cross  sectional 
area  of  the  optical  unit.  This  suggests  a  possibility  of  aptly 
controlling  the  elongation  and  contraction  of  the  cable  jacket  by 
adjusting  the  hardness  of  the  covering  material  and  the  cross 
sectional  area  of  the  optical  unit.  Samples  having  different 
degrees  of  material  hardness  and  different  optical  unit  cross 
sectional  areas  were  fabricated.  The  hardness  of  the  materials 
used  in  making  the  samples  is  shown  in  Table  1 . 


Table  1  Hardness  of  Optical  Unit  Jacket  Materials 


Material 

Hardness 

(Shore  A) 

100%  modulus  (kg/  mm2) 

A 

87 

1.15 

B 

81 

0.8 

The  sample  optical  units  were  made  of  the  above  materials  and  to 
be  different  in  cross  sectional  area.  The  temperature 
characteristics  of  the  samples  exposed  to  high  temperature  are 
shown  in  figure  3.  It  is  seen  from  figure  3  that  loss  increased  at 
70°C.  No  marked  increase  of  loss  was  observed  at  -30°C.  These 


changes  in  loss  are  assumed  due  to  the  shrinkage  of  the  cable 
jacket  at  high  temperature  as  described  before.  A  comparison  of 
materials  A  and  B  regarding  increase  of  loss  showed  that  the 
sample  A  with  a  small  optical  unit  cross  sectional  area  had  better 
characteristics  than  the  sample  B,  while  those  with  a  large  optical 
unit  cross  sectional  area  were  otherwise.  The  results  shown  in 
figure  3  do  not  tell  any  mutual  relationship  between  material 
)  haglnej&s  and  increase  of  loss.  In  terms  of  cross  sectional  area 
versus  increase  of  loss,  materials  A  and  B  showed  a  mutual 
relationship  completely  contrary,  and  the  dependence  of  increase 
of  loss  on  cross  sectional  area  is  uncertain.  The  shrinkage  of  the 
cable  jacket  exposed  to  high  temperature,  which  causes  increase 
of  loss,  is  assumed  not  so  much  affected  by  such  factors  as 
material  hardness  and  optical  unit  cross  sectional  area.  Dominant 
factors  other  than  these  are  believed  to  exist. 


Fig-3  Transmission  Loss  Increase  at  70°C  of  Yarn 
Type  Optical  Units  (@1.55pm) 

(b)  Effect  of  processing  distortion 

The  main  cause  of  increase  of  loss  from  exposure  to  high 
temperature  is  assumed  due  to  processing  distortion  during  optical 
unit  production.  Processing  distortion  means  the  distortion  that 
remains  in  the  jacketing  material  after  its  sheathing.  This 
distortion  causes  shrinkage  of  the  cable  jacket  when  it  is  subjected 
to  high  temperature  hysteresis  after  its  manufacture.  The 
shrinkage  of  the  cable  jacket  is  considered  one  of  the  causes  of 
worse  temperature  characteristics.  The  increase  of  loss  shown  in 
figure  3  remained  even  after  the  temperature  was  lowered  back  to 
20°C  from  70°C.  A  cable  jacket  affected  by  processing  distortion 
will  not  return  to  its  original  state  once  it  shrinks  under  high 
temperature  hysteresis.  This  conforms  to  the  above  results.  It  was 
examined,  therefore,  how  increase  of  loss  would  change  after 
exposure  to  high  temperature  while  changing  the  processing 
distortion  caused  during  optical  unit  production.  The  results  are 
shown  in  figure  4. 
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2.5 


Small  - *  Large 

Processing  distortion 


Fig.4  Processing  Distortion  versus  Increase  of 
Transmission  Loss  at  70°C  (@1.55|jm) 


Processing  distortion  grows  in  the  order  of  A,  B,  C,  and  D  as 
shown  in  figure  4.  It  is  seen  from  the  results  shown  that  the 
smaller  the  processing  distortion  of  the  optical  unit,  the  less  will 
be  the  increase  of  loss  under  exposure  to  high  temperature.  The 
results  indicated  that  the  processing  distortion  of  the  cable  jacket 
was  the  main  cause  of  increase  of  loss  when  it  is  exposed  to  high 
temperature.  Optical  units  were  designed  on  the  basis  of  these 
observations. 

3.1.2  yarn  type  characteristics 

The  yam-type  optical  unit  prototype  designed  and  fabricated  on 
the  basis  of  the  above  studies  are  shown  in  Table  2. The  following 
are  the  specs  for  the  upper  portion  of  your  paper: 

It  was  found  from  the  results  shown  in  Table  2  that  all 
characteristics  except  the  squeeze  characteristics  were 
satisfactory.  The  squeeze  test  is  intended  for  evaluating  optical 
units  in  actual  cabling  in  which  the  cable  jacket  might  be 
squeezed  when  the  optical  units  are  gripped  by  hand.  Increase  of 
loss  was  confirmed  by  this  evaluation  test.  The  assumed  cause  is 
this:  Fibers  have  no  resistance  to  shrinkage  and  do  not  adhere  to 
the  cable  jacket  so  that  a  manual  squeeze  of  the  cable  jacket 
caused  it  to  elongate  and  form  wrinkles,  which  in  turn  caused  the 
optical  fiber  to  bend.  It  was  confirmed  that,  considering  not  only 
the  temperature  characteristics  but  also  the  external  forces  which 
would  be  applied  during  cabling,  yams  alone  would  be 
insufficient. 


Table  2  Yarn  Type  Characteristics  (@1.55pm) 


Item 

Conditions 

Results 

Transmission 

1.55pm 

<0.22dB/km 

loss 

1.31pm 

<0.33dB/km 

Temperature 

cycling 

-30  to70°C 

<  0.02dB/km 

Bending 

R=30mm 

<  0.02dB 

Lateral 

pressure 

980N/50mm 

<  0.02dB 

Torsion 

±180° 

<  0.02dB 

Impact 

300g  xlm 

<  0.02dB 

Squeeze 

Cable  jacket 
squeezed  by  hand 

2.4dB  or  more 

Flame 

retardation 

JIS  C  3005 

Passed 

(Inclined 

test) 

3.2  Study  on  yam  +  G-FRP-type  OPDV  optical  unit 
structure 

This  type  was  developed  to  compensate  for  the  weak  points  of  the 
yam  type  after  examining  it.  The  structure  is  shown  in  figure  5. 


SM  2-fiber  ribbon 


Fig.  5  Fiber  +  G-FRP  Type  OPDV  Optical  Unit 
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This  design  employs  a  small -diameter  G-FRP  to  make  it  resistant 
to  elongation  and  contraction  of  the  cable  jacket.  The  small 
diameter  G-FRP  permits  a  smaller  allowable  bending  radius  so 
that  FRP  bends  can  be  prevented  during  cabling.  Yams  are  added 
to  the  small-diameter  G-FRP  because  the  latter  alone  is 
inadequate  to  withstand  the  tensile  forces  applied  during  cabling. 
The  results  of  design  and  prototype  fabrication  are  shown  in 
Table  3.  Satisfactory  characteristics  were  confirmed  as  shown  in 
the  table.  The  squeeze  characteristics  that  posed  a  problem  with 
the  yam  type  did  not  show  an  increase  of  loss  because  the 
elongation  and  contraction  of  the  cable  jacket  were  suppressed  by 
the  G-FRP.  The  combined  yam  and  G-FRP  type  controls  cable 
jacket  elongation  and  contraction  by  the  resistance  effect  of  G- 
FRP  and  does  not  increase  loss  from  exposure  to  high  temperature 
without  reducing  the  processing  distortion  of  the  cable  covering 
as  in  using  the  yamr  type.  This  means  that  a  broader  range  of 
manufacturing  conditions  can  be  applied  to  production. 

Table3  Yam  +  G-FRP  Type  Characteristics 
(@1.55pm) 


Item 

Conditions 

Results 

1.55pm 

<0.22dB/km 

1.31pm 

<0.33dB/km 

Temperature 

cycling 

-30  to70°C 

<  0.02dB/km 

Bending 

R=30mm 

<  0.02dB 

Lateral 

pressure 

980N/50mm 

<  0.02dB 

Torsion 

±180° 

!  <  0.02dB 

Impact 

300g  xlm 

<  0.02dB 

Squeeze 

Cable  jacket 
squeezed  by  hand 

<  0.02dB 

Flame 

retardation 

JIS  C  3005 

tension  member  for  the  OPDV.  Under  the  title  project,  a  type  of 
tension  member  using  yams  and  another  type  combining  yams 
with  G-FRP  were  developed  to  obtain  satisfactory  handling 
characteristics. 

The  yam  type  was  designed  to  reduce  processing  distortion  of  the 
cable  jacket  to  control  its  elongation  and  contraction  under 
exposure  to  high  temperature.  As  a  result,  the  yam  type  could 
control  variation  of  loss  due  to  temperature  change,  but  in  a 
squeeze  test  in  which  cabling  was  simulated,  the  cable  jacket 
developed  elongation  or  contraction,  causing  the  optical  fiber  to 
bend  and  increase  loss. 

As  a  solution  to  this  problem,  the  composite  type  of  yams  and  G- 
FRP  was  developed.  Because  G-FRP  has  a  resistant  effect,  the 
composite  type  can  suppress  the  elongation  and  contraction  of  the 
cable  jacket  due  to  squeezes  during  cabling  and  temperature 
change.  Therefore,  this  type  showed  satisfactory  results  in  all 
mechanical  characteristics,  including  characteristics  of  squeezing 
by  hand. 

5.  References 

[1]  Japanese  Standards  Association,  “  Test  methods  for  rubber  or 
plastic  insulated  wires  and  cables  JIS  C  3005”,  pp24-25, 1993 

[2]  F.  Hosoi,  et  al.  “Halogen-free,  flame-retardant  optical  fiber 
cable  for  the  MT-  RJ  optical  connector”  Proc.  of  EC  2000, 

[3]  F.  Hosoi,  et  al.  “Development  of  halogen-free  flame-  retardant 
optical  fiber  cables”,  Proc.  of  49th  IWCS,  pp427  -  432,  2000 


4.  Conclusion 

A  study  was  conducted  on  the  optical  fiber  composite 
polyvinylchloride-insulated  drop  wire,  which  is  a  combination  of 
an  optical  drop  wire.  G-FRP  was  used  in  making  an  optical  unit 
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Abstract 

For  ADSS  cable  weight  and  diameter  arc  very  important 
characteristics  because  they  directly  impact  on  the  mechanical 
tension  induced  on  the  supporting  structure  (pole  or  tower). 

The  cable  diameter  itself  has  to  be  as  small  as  possible  because  it 
has  a  quadratic  influence  on  the  tension  when  ice  and/or  wind  are 
considered. 

Current  design  technique  uses  aramid  as  the  cable  strength  element 
but  it  has  limitations  when  very  high  spans  or  veiy  adverse 
environmental  conditions  are  an  issue. 

This  paper  presents  the  results  of  qualification  of  new  a  All 
Dielectric  Self-Supported  (ADSS)  loose  tube  cable  design  technique 
that  provides  a  reduction  in  cable  weight  and  cable  diameter  and, 
consequently,  a  reduction  of  the  load  induced  on  the  supporting 
structure,  like  poles  and  towers 

Keywords 

Optical  Cable;  ADSS;  self-supported;  aerial  cable;  PBO;  aramid. 

1.  Introduction 

One  key  point  for  a  new  long  distance  network  is  where  the 
cable  will  be  installed.  The  main  possibilities  are  along  highways, 
railways,  gas  and  oil  ducts,  undersea  or  on  overhead  lines.  Recently, 
some  companies  outside  of  the  telecom  sector  have  found  they  can 
increase  their  revenues  charging  telecom  companies  for  the  use  of 
the  right  of  way  (ROW)  of  their  infrastructure.  Some  of  these 
companies  decided  to  be  players  in  this  profitable  market,  deploying 
their  own  cables  and  becoming  carriers  carriers. 

A  solution  for  the  utilities  companies  in  this  market  is  to  install 
ADSS  cables  on  their  overhead  lines.  Initially,  it  has  been  a 
challenge  for  the  fiber  optic  cable  industry  to  design  cables  strong 
enough  to  support  the  installation  on  long  spans  usually  found  in  the 
field.  The  stronger  cables  had  higher  weight  and  diameter  placing  a 
higher  weight  load  on  the  supporting  cables  and  towers. 

It  has  been  a  constant  goal  of  the  optical  fiber  cable  industry  to 
develop  ADSS  cable  designs  with  reduced  weight  and  diameter  in 
order  to  increase  the  maximum  installation  span  and  make  possible 
the  usage  of  this  type  of  cable  on  Extra  High  Voltage  (EHV) 
overhead  lines. 

The  ADSS  structure  would  also  be  effective  in  extreme 
environmental  situations  like  hurricanes  and/or  temperatures 


variations  coming  from  negative  values  up  to  positive  values 
including  the  area  saliencies. 

The  concept  of  cables  with  this  new  techniques  begin  present 
here,  concluding  that  PBO  (poly-para-pheylene-oxazole)  is  an 
effective  alternative  to  the  current  design  technique  using  aramid 
yam.  For  a  span  of  1000  meters,  the  MWT  (maximum  working 
tension)  of  the  cable  with  PBO  is  9%  smaller  than  when  aramid  is 
used.  The  thinner  yam  layer  obtained  using  PBO  also  gives  more 
stability  to  the  production  process. 

2.  Mechanical  cable  strain 

Aerial  cables  are  routinely  subjected  to  harsh  environments:  high 
winds,  ice  storms  and  lightning.  OFS  loose  tube  cable  products  are 
free  of  fiber  tensile  strain  while  the  cable  is  within  its  operating 
constraints.  Operating  constraints  differ  for  different  products  and 
applications.  For  standard  loose  tube  cables,  these  constraints 
typically  are  a  maximum  rated  cable  load  of  600  pounds  and  a 
temperature  range  of  -40°C  to  +70°C.  For  all-dielectric  self- 
supporting  aerial  cable,  there  will  be  no  fiber  tensile  strain  up  to  the 
maximum  rated  cable  load  as  dictated  by  the  worst  case  loading 
condition  and  under  the  conditions  as  listed  on  sag  and  tension 
charts.  Cables  can  be  custom  designed  to  meet  special  customer 
applications. 

There  are  situations  where  aerial  cables  are  the  only  solution;  as 
over  river  crossings,  mountain  slopes,  or  across  a  highway.  There 
are  two  techniques  to  design  the  cable  in  accordance  with  field 
conditions;  (I)  the  current  technique,  which  uses  aramid  yam,  a 
dielectric  material  with  very  high  modulus  and  low  specific  weight 
that  has  proven  to  be  an  excellent  structure  and  (2)  a  novel 
technique  that  substitutes  the  aramid  yams  with  another  synthetic 
fiber  with  higher  modulus. 

3.  Prototypes 

3.1  Features 

We  are  presenting  the  characteristics  of  cables  with  PBO  and 
aramid  with  6  %  of  sag  at  EDS  (every  day  stress)  condition;  Four 
prototypes  were  produced  to  confirm  the  theoretical  calculations:  2 
cables  for  500  max  span  and  2  cables  for  600  m  max  span.  Two  of 
the  prototypes  used  the  current  technique  and  two  used  the  novel 
technique. 
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Table  1.  Characteristics  of  cables  using  the  current 
technique 


Characteristics 

PI 

P2 

Span  (m) 

500 

600 

Diameter  (mm) 

15.1 

16.2 

Weight  (kg/km) 

202.0 

236.5 

Maximum  working  tension  (kgf)* 

1030 

1450 

Modulus  (kgf) 

250,634 

265,366 

LEC  (10-6  1/°C) 

0.22 

0.34 

♦Without  fiber  strain 


Table  2.  Characteristics  of  cables  using  the  novel 
technique 


Characteristics 

P3 

P4 

Span  (m) 

500 

600 

Diameter  (mm) 

13.6 

13.9 

Weight  (kg/km) 

170.0 

176.5 

Maximum  working  tension  (kgf)* 

860 

1070 

Modulus  (kgf) 

215,810 

274,374 

LEC  (10''’  1/°C) 

-0.82 

-0.18 

♦Without  fiber  strain 


4.  Tests  Results 

We  are  showing  here  the  results  of  qualification  tests  of  prototypes: 

4.1  Tensile  Strength  Test 

The  intent  of  this  test  is  to  verify  the  ability  of  cable  to  satisfactorily 
perform  while  undergoing  tensile  loading  encountered  during 
operation.  The  cable  is  designed  to  withstand  rigorous  tensile 
loading  levels. 

The  cable  is  subjected  to  a  first  tensile  loading  of  15  %  of  MWT 
Load  and  the  increase  to  a  loading  up  to  150%  of  its  maximum 
allowable  tensile  load.  The  load  is  applied  in  45  %,  75  %,  105  % 
and  1 12%  of  MWT  Load  cable. 

Cable  Test  Length: 

220  meters 


Table  3.  Tensile  Loading  Test  for  500  m  span 
aramid 


%  MWT 

Load  (kgf) 

Elongation  (mm/mm) 

15 

150.0 

0.00 

45 

485.5 

0.25 

75 

810.9 

2.45 

105 

1081.2 

3.47 

112 

1135.3 

3.70 

150 

1621.8 

5.38 

Table  4.  Tensile  Loading  Test  for  600  m  span- 
aramid 


%MWT 

Load  (kgf) 

Elongation  (mm/mm) 

15 

150.0 

0.00 

45 

227.0 

0.26 

75 

681.0 

1.74 

105 

1135.0 

3.18 

112 

1589.0 

4.58 

150 

1695.0 

4.93 

Table  5.  Tensile  Loading  Test  for  500  m  span  -  PBO 


%MWT 

Load  (kgf) 

Elongation  (mm/mm) 

15 

139.0 

0.00 

45 

418.0 

1.29 

75 

697.0 

2.46 

105 

976.0 

3.62 

112 

1041.0 

3.86 

150 

1395.0 

5.29 

Table  4.  Tensile  Loading  Test  for  600  m  span  -  PBO 


%MWT 

Load  (kgf) 

Elongation  (mm/mm) 

15 

160.5 

0 

45 

481.5 

1.4 

75 

802.5 

2.55 

105 

1123.5 

3.78 

112 

1198.4 

4.04 

150 

1605.0 

5.49 
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Cable  Strain  Test  Result 


Xlongatlon  (■*/»■) 

— ♦ 500  m  span  -asm  H  — ■ 600  m  span -aram  fl 

_ -i-  500  m  span  -  PB  0  — 6  0 0  m  span  -  PB  0 

Figure  1.  Prototypes  cable  strain 

Comment: 

None  of  the  cables  exhibited  any  fiber  strain  or  change  in 
attenuation  up  to  the  maximum  rated  tension. 


We  obtained  the  following  correlation  factors: 

^  500  m  span  prototype  -  aramid:  R2=0.9669; 

S  600  m  span  prototype  -  PBO:  R2=0.9764. 

4.3  Cable  Aeolian  Vibration  Test 

The  intent  of  this  test  is  to  assess  the  fatigue  performance  of  cable 
and  the  optical  characteristics  of  the  fibers  under  typical  aeolian 
vibrations.  Aeolian  vibrations  are  caused  by  gentile,  steady  wind 
blowing  across  a  cable  and  are  generally  of  low  amplitude  and  high 
frequency.  Amplitudes  are  typically  considerably  less  that  the  cable 
diameter  and  frequencies  are  in  the  order  of  10  to  100  Hz, 
depending  on  wind  speed  and  cable  diameter.  The  cable  is  be 
subjected  to  a  minimum  of  100  million  vibration  cycles,  under  the 
MWT  and  amplitude  equal  to  one-half  the  diameter  of  the  cable. 

Cable  Test  Length: 

25  meters 


4.2  Creep  Test 

Creep  is  the  slow,  continued  lengthening  under  a  constant  load  and 
the  intent  of  this  test  is  to  measure  the  cable  creep  under  the  MWT 
load. 

During  240  hours  under  the  MWT  load  the  cable  elongation  needs 
to  measure  in  each  5  minutes  during  the  first  hour  and  in  each  15 
minutes  during  the  next  seven  hours.  In  the  rest  of  time  three 
measure  during  24  hours.  The  creep  projection  curve  must  have  at 
least  a  correlation  factor  of  90  %  (R2)  to  a  trust  interval  of  95  %. 


Creep  Projection  to  20  years 


Comment: 

No  broken  fibers  as  a  result  of  test,  no  changes  on  attenuation  level 
and  no  damage  to  sheath,  core  components  or  hardware  was 
observed. 


Table  5.  Cable  Aeolian  Vibration  Test 


Cable 

Status 

500  m  span  with  aramid 

Passed 

600  m  span  with  aramid 

Passed 

500  m  span  with  PBO 

Passed 

600  m  span  with  PBO 

Passed 

4.4  Temperature  Cycling  Test 

The  intent  of  the  Temperature  Cycling  Test  is  to  ensure  that  our 
cables  maintain  mechanical  and  optical  integrity  when  exposed  to 
temperature  extremes  during  storage,  installation,  and  operation. 

The  reel  of  cable  is  placed  in  an  environmental  chamber  and 
preconditioned  at  23°C.  During  the  Temperature  Cycling  Test  the 
cable  is  subjected  to  4  cycles  of  exposure  to  48  hours  at  -20°C  and 
24  hours  at  65°C.  Attenuation  measurements  are  made  on  the  fibers 
at  both  temperature  extremes  during  the  second  cycle. 


Figure  2.  Creep  Projection 

Comment: 

^  No  changes  on  attenuation  level. 

Comment: 

In  the  time  the  PBO  comportment  is  different  than  aramid,  but  the 
projection  of  creep  during  20  years  are  very  similar. 
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Table  6.  Temperature  Cycling  Test 


Cable 

Status 

500  m  span  with  aramid 

Passed 

600  m  span  with  aramid 

Passed 

500  m  span  with  PBO 

Passed 

600  m  span  with  PBO 

Passed 

4.5  Breaking  Strength  Test 

The  intent  of  this  test  is  checking  the  breaking  cable  strength 
without  the  creep  influence. 


Table  7.  Breaking  Strength  Test 


Cable 

Load  (kgf) 

500  m  span  with  aramid 

3653 

600  m  span  with  PBO 

2800 

Comment: 

No  damages  in  cable  sheath  were  observed  and  the  practical  cable 
breaking  elongation  is  1  %. 

5.  Conclusion 

Worldwide  usage  and  applications  of  ADSS  cables  continues  to 
increase.  Improvements  into  cable  design  and  response  to  customer 
requirements  is  essential  to  compete  in  the  fiber  optic  cable  market. 
Improved  strength  material  with  PBO  is  available  to  address  issues 
regarding  flexibility  and  handling  for  the  user.  PBO  proved  that  it  is 


a  good  alternative  for  long  spans  applications  and  extreme 
environmental  conditions. 

After  final  qualification  tests  proved  the  PBO  technical  reliability. 
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1.  Abstract 

ADSS  cable  has  many  strong  points  compare  to  OPGW,  and  a 
long  history  of  applications  in  electric  power  line. 

Many  cable  manufacturers  are  announcing  &  launching  special 
ADSS  cable  which  applicable  up  to  500kV  power  line.  However, 
utility  company  still  complains  about  tracking  problem  even  in 
lower  voltage.  This  cross  point  is  happened  when  disregard 
various  installation  circumstance. 

To  solve  the  inveterate  problem,  tracking,  this  paper  will  define 
what  parameters  should  be  considered  during  cable  design, 
suggest  how  to  approach  the  solution  regarding  to  cable  itself  and 
installation  engineering.  To  assure  a  long  period  service  life  of 
ADSS  cable  in  extremely  high  voltage  circumstance,  following 
“ADSS  cable  characteristics”  should  be  well  defined  with  a  exact 
information  of  “Design  parameters  during  ADSS  cable 
installation”.  With  these  cable  &  site  information,  it  is  possible  to 
pass  judgment  that  “ADSS  cable  installation  parameter”  is 
correct  or  not  compare  to  “Criterion” 


Keywords 

ADSS,  Tracking,  Installation  position, 

2.lntroduction 

There  are  2  grades  of  ADSS  cable  classified  in  ’’Class  A  &  B” 
electrically  according  to  IEEE  PI 222  which  distinguished  TRPE 
(tracking  resistance  polyethylene)  from  normal  PE  for  outer 
jacket.  IEEE  PI 222  test  method  is  generally  accepted  to  define 
whether  the  ADSS  cable  is  applicable  up  to  25kV  space  potential 
or  not  in  terms  of  the  cable  jacket  damage  caused  by  tracking 

However  there  is  a  difference  between  IEEE  P1222  test  method 
and  real  installation  circumstance  as  show  in  Fig.l 


Important  ADSS  cable  characteristics 

Elastic  constant,  creep  (initial  &  final),  MACT,  Ultimate  tensile 
strength. 

Design  Parameters  during  ADSS  cable  installation 

Tower  &  Insulator  type  (tension  or  suspension),  conductor, 
weather,  span,  voltage  etc. 

ADSS  cable  installation  parameter 

Sagging  tension,  install  position 

Criterion 

Distance  between  conductor  &  ADSS  at  tower  (D  @  tower) 
by  wind 

Length  from  dead-end  to  a  crossing  point  between 
conductor  &  ADSS  (L  @  cross)  by  wind  both  case  of  initial 
&  final  sag  situation. 

Check  D  @  tower  and  L  @  cross  is  within  recommended 
distance 


Voltage 

lOOkV 

200kV 

300kV 

400kV 

500kV 

D  @  Tower 

0.75m 

1.5m 

2.2m 

3m 

3.7m 

L  @  Cross  (both 
initial  &  final 

15m 

25m 

40m 

55m 

70m 

sag) 

Ice  loaded  final  sag  shoulc 

satisfy  ground  clearance. 

IEEE  1222  Power  system 

Figure  1.  Compare  IEEE  P1222  test 
method  to  power  system 

For  example,  in  case  of  suspension  insulator,  when  wind  blowing, 
ADSS  is  crossing  with  conductor  “R”  phase  around  mid  span  but 
at  tower  is  closing  to  different  “B”  phase.  This  situation 
accelerates  tracking  current  than  in  case  of  same  phase. 

Let’s  express  the  power  system  as  a  equivalent  circuits  to  show 
the  situation  simply. 


Figure  2.  Equivalent  circuit  of  power  system 
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As  shown  in  Figure  2.,  there  are  some  important  design  factors, 
voltage,  L  @  cross,  and  D  @  tower.  The  flashover  between 
ADSS  and  conductor  around  cross  point  is  intensified  and  moved 
to  tower  as  the  surface  resistance  of  ADSS  is  lowered.  That 
means  to  prevent  ADSS  jacket  melting  at  armor-rod  the  length,  L 
@  cross,  has  more  safety  factor  than  25mm/kV.  And  it  is  also 
necessary  to  specify  the  length  D  @  tower. 

3.  ADSS  cable  Installation 

During  ADSS  installation,  there  are  lots  of  consideration  factors. 
In  this  section  authors  confined  topics  only  ADSS  cable 
installation  position. 

3.1  Ground  Clearance 

Normally,  ADSS  cable  has  lower  elastic  constant  and  lighter 
mass  than  conductor.  Therefore,  the  sag  of  ADSS  cable  is 
increasing  dramatically  in  case  of  supposing  a  ice  load  in  final 
tension.  So,  ADSS  install  position  should  be  provide  the  ground 
clearance  considering  the  ice  loaded  final  sag. 


Figure  3.  Ground  clearance 

As  shown  in  Figure  3.,  ice  loaded  final  sag  should  be  studied  in 
cold  regions.  That  means  ADSS  install  position  will  be  higher  in 
cold  weather  regions  than  near  the  equator. 

3.2  Install  position 

During  the  site  survey,  ADSS  cable  installation  position  should 
be  selected  and  verified  whether  the  position  satisfy  the  criterion 
or  not.  The  necessary  information  is  summarized  bellows.  First, 
as  shown  in  table.  1,  conductor  &  ADSS  characteristics  are 
needed 


Table.1  Characteristics  of  cable 


Items 

Electric  wire 

ADSS  cable 

Outer  diameter  (mm) 

21.0 

15.0 

Unit  weight  (kg/km) 

974.0 

178.0 

Elastic  modulus  (kN/mnf) 

80.4 

85.0 

Coefficient  of  thermal  expansion  (1/°C) 

1.5E-5 

6.7E-7 

Supporting  area  (mnf) 

261.5 

28.8 

Initial  tension  (kN) 

16.0 

8.0 

Final  tension  (kN) 

14.0 

6.2 

Tower  information  like  as,  the  co-ordinate  of  conductors  and 
ground-wire  installation  position,  insulator  length  are  needed. 
The  zero  point  of  co-ordinate  is  center  of  tower  at  ground.  And 
identify  tower  types  whether  suspension  or  tension  tower  as 
shown  table.  2  . 


Table. 2  Tower  information 


Items 

Example 

Tower  type 

Suspension 

Co-ordinate  of  conductor  (m) 

(-2.2, 16),  (-2.0, 13),  (-2.3,10) 

(2.2,16),  (2.0,13),  (2.3,10) 

Co-ordinate  of  ground-wire  (m) 

(-2.1, 19),  (2.1, 19) 

Voltage  (kV) 

220 

Insulator  length  (m) 

1.82 

Maximum  wind  speed  (m/s) 

42. 

Span  (m) 

400 

Allowed  ADSS  install  position  (m) 

(0,11.5) 

Other  information  like  as  wind  speed,  span  and  allowed  ADSS 
cable  installation  position  is  also  needed. 

Then,  calculate  the  L  @  cross,  D  @  tower  with  computer  added 
program  to  verify  the  ADSS  install  position  could  secure  long 
term  period  service  life  without  tracking  problems  in  case  of  both 
initial  and  final  tension. 


D@tower  &  L@cross(initia!  tension) 


Span(m) 


- Left  B  - Left  W  — - Left  R 

- -Right  B  - Right  W  - Rifltt  R 


Figure  4.  D  @  tower  &  L  @  cross  (initial  tension) 

Figure.  4,  5  show  the  2D  co-ordinate  that  means  along  the  ADSS 
cable  axis  calculate  the  distance  between  conductor  and  ADSS 
cable  on  same  span.  In  figure  4  and  5,  the  equation  is  solved  at 
maximum  wind  speed,  however  at  low  wind  speed,  the  criterion 
is  sometimes  violated.  ADSS  cable  creep  characteristic  is 
sometimes  critical  in  compact  size  tower  application.  Therefore, 
final  tension  situation  should  always  be  calculated  and  verified. 

In  this  example  the  D  @  tower  is  not  meet  the  request.  If  the 
criterion  is  violated,  find  another  installation  position  or  re¬ 
design  ADSS  cable  for  satisfying  criterion. 
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D@tower  and  L@crossing(Fina!  tension) 


Span(m) 


j  j - Lefts  - Left  W  -  Left  R  —Rights' 

I  [ - Right  W - Right  R 

Figure  5.  D  @  tower  &  L  @  cross  (final  tension) 

4.  Conclusion 

We  set  up  a  miniature  test  experiment  that  can  produce  same 
space  electric  field  intensity  as  power  system.  Therefore  we  can 
tested  tracking  phenomena  by  changing  ADSS  installation 
position  according  to  simulation  results  with  input 
parameters.(ADSS,  conductor,  wind  speed,  ionic  concentration, 
insulator  type,  phase,  creep).  Test  results  show  that  tracking 
problem  seems  a  little  overstated  exclude  where  coastal  region 
and  very  contaminated  area.  However,  test  results  also  show  that 
even  though  TRPE  jacketed  ADSS,  disregarding  proper  install 
position  &  sagging  tension,  ADSS  cable  jacket  was  punched  at 
armor  rod  at  lower  voltage  in  short  time. 

To  prevent  the  tracking  problem,  authors  suggest  a  ADSS  cable 
installation  procedure.  And  suggest  what  parameters  should  be 
standardized. 
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Abstract 

Aerial  cables  are  a  fast,  elegant  and  economical  solution  when 
electrical  power  grids  have  to  be  upgraded  to  communication 
networks.  Self-supporting  aerial  cables  can  be  spanned  between 
the  poles  under  lifeline  conditions  with  only  minor  safety 
precautions. 

In  addition  to  normal  environmental  stress,  ADSS  cables  are 
subject  to  thermal  electrical  corrosion  known  as  dry  band 
arcing.  This  corrosion  can  be  very  aggressive  and  shortens  the 
cablelifetime  considerably  by  eroding  the  cablejacket. 

In  the  continuous  search  for  more  track  resistant  jackrt 
materials,  filled  Polyethylene  compounds  have  been  developed 
that  prolong  the  operating  lifetime  of  ADSS  cables  without 
giving  up  the  well-known  and  proven  properties  of  standard  PE 
jackets.  Anew  version  of  the  filled  PE  jacket  is  able  to  extend 
the  operating  lifetime  of  ADSS  cables  up  to  nine  times  compared 
to  an  ADSS  cable  with  a  standard  PE  jacket. 

The  test  methods  that  have  been  used  to  characterize  the 
tracking  resistance  of  the  new  jacket  material  are  described  in 
the  IEC  587,  IEC  112  and  IEC  61302  standards  and  in  the  not 
approved  standard  proposal  IEEE  PI 222.  Compared  to 
commercially  available  PE  compounds,  this  newly  designed 
material  shows  a  significantly  improved  performance  in  these 
material  tests. 

In  order  to  confirm  the  material  properties  under  real  life 
conditions,  cable  samples  were  produced  and  tested  in  the 
recently  introduced  lifetime  test  chamber  [1].  The  lifetime  test 
results  confirm  the  trend  realized  in  the  material  tests  and 
show  a  satisfying  reliability  over  the  requested  lifetime  span. 
In  addition  to  the  line  voltage,  environmental  conditions  like 
dust,  humidity  and  temperature  cycles  strongly  influence  the 
operating  lifetime  of  ADSS  cables.  When  forecasting  cable 
lifetime,  these  factors  must  be  taken  into  account. 

Keywords 

jacket  material;  ADSS;  aerial  cable;  lifetime;  lifetime  forecast; 
sheath  erosion;  high  voltage;  tracking;  dry  band  arcing. 

1.  Introduction 

Because  of  their  nonconductive  properties,  self-supporting 
dielectric  aerial  cables  can  be  installed  in  the  vicinity  of  high 
volt^e  lines.  This  is  of  great  importance  for  countries  with  a 


starshaped  electrical  powerdistribution  system.  Switching  off  a 
powerlinefor  cable  installation  would  result  in  an  interruption 
of  power  supply  in  complete  areas  or  cities  for  hours  or  days. 

The  disadvantage  of  installing  ADSScables  parallel  to  the  phase 
wires  of  a  power  line  is  the  partial  coupling  of  high  voltage  to 
the  cables  which  has  to  be  grounded  at  the  poles  due  to  safely 
reasons.  Depending  on  the  conductivity  of  the  cable  surface,  a 
more  or  less  strong  current  flows  along  the  cable  from  the  center 
of  the  span  to  the  poles.  Surface  current  causes  tracking  and 
erosion  at  the  jacket  surface  and  can  destroy  the  ADSS  cable 
within  a  few  weeks  or  months . 

Sincethe  beginning  of  ADSS  cable  development,  the  extension 
of  the  cable  lifetime  underhigh  voltage  conditions  to  more  than 
15  years  has  been  the  main  objective.  The  measures  to  achieve 
this  target  include  installation  at  the  lowest  possible  space 
potential  level,  the  reduction  of  surface  currents  by  means  of 
conductive  elements  in  parallel  to  the  cable  and  providing  the 
cables  with  tracking  resistant  jacket  materials.  For  a  worldwide 
application  undersometimes  unclear  environmental  conditions, 
the  tracking  resistance  of  the  jacket  has  a  significant 
importance.  In  addition  to  the  stress  caused  by  surface  currents, 
these  cables  are  subject  to  regional  varying  and  unavoidable 
damaging  influences  like  UV  sunlight,  heat,  mechanical  strain 
and  durable  contamination  layeis. 

Only  a  sufficient  safety  margin  of  the  jacket  material  can 
provide  the  robustness  for  solution  which  is  applicable  in  the 
most  areas  of  the  world 


2.  Jacket  Damage 

The  destruction  of  the  jacket  of  ADSScables  appears  in  a  series 
of  symptoms.  Depending  on  the  kind  of  jacket  material  and 
stress,  one  can  find  conductive  tracks,  pinholes  or  plane 
erosions  shaped  as  rings  or  irregular  spots. 

The  first  phase  of  jacket  damage  is  always  the  loss  of  the 
hydrophobic  property  of  the  jacket  surface.  In  a  clean 
environment,  it  shows  up  as  a  tarnished  structure  after  a  good 
wetting.  In  polluted  environments,  the  hydrophobic  surface  is 
covered  by  dust,  soot  or  salt,  soaking  rain  and  dew,  and  forms  a 
closed  layer  with  good  electrical  conductivity.  In  this  way,  the 
prerequisites  for  the  generation  of  electrical  surface  discharges 
are  provided. 
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As  the  cable  surface  dries  afterwetting,  ring-shaped  dry  areas  are 
formed,  which  are  bridged  by  electrical  discharges  driven  by  the 
\ohage  drop  along  the  cable  [2].  At  first,  the  hot  foot-spots  of 
the  discharges  are  sliding  over  the  surface  and  deepen  the 
roughness.  With  increasing  effective  duration,  deeper  structures 
are  formed  in  which  the  foot-spots  can  settle  and  bum  holes  or 
tracks  into  the  surface. 

By  analyzing  this  destructive  process,  two  material  propalies 
which  determine  the  lifetime  of  the  cable  jacket  can  clearly  be 
distinguished.  First,  the  ability  to  sustain  the  surface  water 
repellent,  which  prevents  the  forming  of  dry  areas.  Second,  the 
resistance  to  the  thermal  load  generated  by  the  hot  foot-spots. 


3.  Test  Procedures 

Being  located  in  the  electrical  field  of  high  volt^e  lines,  the 
ADSS  cables  are  subject  to  similar  electrical  stress,  such  as 
insulators  and  cable  terminations,  which  are  used  to  separate 
live  devices  of  different  electrical  potential.  The  constantly 
applied  operating  voltage  and  conductive  surface  layer  leads  to 
a  leakage  current  and  partial  discharges  on  the  surface,  and 
finally  to  erosion  and  conductive  tracking  traces.  Due  to  the 
comparable  stress  of  ADSS  cables  and  insulators,  the  cable 
jacket  materials  are  qualified  with  the  same  tests  that  are  used 
forthe  qualification  of  insulating  materials.  In  addition  to  the 
pure  material  tests,  new  procedures  have  been  developed  which 
consider  the  complete  cable  under  realistic  environmental 
conditions. 


Table  1:  Evolution  from  jacket  material  test  to  cable  lifetime 
forecast 


Test 

Specimen 

Conditions 

IEC  60112 

plate 

moist  surface, pin  surface 
electrodes 

IEC  60587 

plate 

moistsurface,line  surface 
electrodes 

IEC  61 302 

tube 

periodic  dipping,  ring 
electrodes  at  tube  ends 

IEEEP1222  (Draft) 

cable 

homogenuous  salt  fog, 
mechanical  load,  low  ohmic 
electrical  load 

COLIT  (Coming 
Lifetime  Test) 

cable 

periodic  wetting  and  drying, 
mechanical  load,  capacitive 
and  induced  electrical  load 

IEC  60112:  Method  for  determining  the  comparative  and  the 
prooftracking  indices  of  solid  insulating  materials  under  moist 
conditions.  Thistest  is  limited  to  a  voltcge  of  up  to  600V  and  a 
4  mm  distance  between  the  electrode  tips.  It  simulates  a 
moderate  strain  and  can  differentiate  between  materials  with 
normal  resistance  to  electrical  erosion. 


Figure  1  -Set  Up  for  Tracking  Testing  ( IEC  60112) 

- - .ac  voltage 

0  1  _ test  liquid 

electrodes 

\  0 -  ^.test  plate 


IEC  60587:  Test  methods  for  evaluating  resistance  to  tracking 
and  erosion  of  electrical  insulating  materials  used  under  severe 
ambient  conditions.  Method  1  is  suitable  to  distinguish 
between  materials  with  a  high  resistance  to  electrical  erosion. 
The  test  voltages  applied  are  2500  V,  3500  V  and  4500  V.  For 
materials  with  a  moderate  resistance  to  electrical  erosion, 
method  2  gives  a  better  resolution.  Here  the  volt^e  starts  at 
1 000  V  and  is  increased  in  steps  of  250  V. 


Figure  2  — Set  Up  for  Tracking  and  Erosion  Testing 
(IEC  60587) 


test  liquid 
electrodes 
test  plate 
ac  voltage 
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IEC  61302:  Rotating  wheel  test  to  evaluate  the  resistance  to 
tracking  and  erosion.  Before  the  test  volt^e  is  connected  to  the 
electrodes  attached  to  a  cylindrical  material  specimen,  the 
surface  of  the  specimen  is  dipped  into  salt  water  and 
subsequently  dried  for  a  few  minutes.  This  supports  the 
generating  of  dry  zones  and  accelerates  the  dry  band  arcing.  The 
erosion  and  tracking  results  in  this  test  are  better  related  to  the 
effects  on  ADSS  cables  in  the  field  than  the  simple  surface 
electrode  test  results. 


Figure  3  — Rotating  Wheel  Set  Up  for  Tracking  and  Erosion 
Evaluation  (IEC61302) 


IEEEP1222  (Draft):  Testto  evaluate  the  resistance  of  the  cable 
sheath  to  erosion  and  tracking  under  combined  electrical  and 
mechanical  stresses.  In  this  test  arrangement,  the  typical 
installation  of  ADSS  cables  with  suspension  spirals  is 
considered.  The  test  specimen  is  a  piece  of  aerial  cable  taken 
from  a  production  run,  which  is  tensioned  mechanically  in 
addition  to  the  electrical  strain.  After  thel  000  hours  of  test  run, 
strong  jacket  erosions  can  be  found  next  to  the  grounded 
suspension  spirals.  Compared  to  field-installed  ADSS  cables, 
the  concentration  of  erosion  to  the  vicinity  of  the  spirals  is  very 
strong  and  caused  by  the  continuous  salt  fog  and  the  high 
volt^e  connected  directly  to  the  cable  jacket. 


Figure  4  —Arrangement  for  Tracking  and  Erosion  Test  under 
Combined  Mechanical  and  Electrical  Stresses 
(IEEE  P1222  Draft) 


ac  voltage 
electrode 

test  cable  with  spirals 


mechanical  strain 
salt  fog 


COLIT:  The  Coming  Lifetime  lest  has  been  designed  to 
evaluate  the  operational  lifetime  of  ADSS  cables  under  a 
realistic  combination  of  simultaneous  electrical,  mechanical 
and  climatic  stresses.  The  erosion  is  accelerated  by  generating 
sequences  of  wetting  and  drying  on  the  cable  surface.  For 
wetting,  a  salty  water  fog  is  sprayed  on  the  cable.  After  a  few 
minutes,  the  wetting  is  stopped  until  the  cable  surface  has 
dried  completely.  Then  the  cable  is  sprayed  again. 

The  test  voltage  is  in  the  range  of  the  line  voltage  and  coupled 
to  the  cable  specimen  by  capacitors  and  by  a  long  electrode 
through  the  air. 

This  test  not  only  delivers  comparisons  between  the 
performance  of  different  kinds  of  aerial  cables,  but  also 
forecasts  the  operational  lifetime,  if  the  local  electric  and 
climatic  conditions  are  well  known. 

Figure  5  — Arrangement  for  Operational  Lifetime  Test  under 
Combined  Mechanical  Climatic  and  Electric 
Stresses  (COLIT) 


ac  voltage 
.long  electrode 
^X^salt  spray 
capacitor 

^mechanical  strain 

✓ 

^^~"cable  with  spirals 
and  3j  tilt 


4-  Results  and  Discussion 

According  to  the  recommendations  of  IEEE  PI  222  draft  1995,  a 
class  A  jacket  material  can  be  used  if  the  space  potential  for 
the  ADSS  cable  is  belowl2  kV.  This  is  typically  a  Polyethylene 
which  contains  carbon  black  and  antioxidants  for  stabilization 
again  UV  light  and  oxigen  decomposition. 

For  use  in  spacepotentials  above  12  kV,  LSOH  jacket  materials 
are  preferred,  which  are  filled  with  a  high  portion  of  metal 
hydroxids  for  flame  resistance  and  are  therefore  able  to  better 
withstand  the  electrical  arc  erosion. 

Both  jacket  materials  were  compared  with  a  new  tracking 
resistant  polyethylene  TR-PE  This  material  has  been  optimized 
for  tracking  resistance  by  a  well  balanced  ratio  of  LLDPE  basic 
polymer,  modified  metal  hydroxid  and  a  combination  of 
stabilizers. 


To  compare  the  three  materials  for  tracking  resistance  according 
to  IEC  601 12,  we  choose  the  test  fluid  B,  which  leads  to  a  more 
aggressive  surface  contamination  and  results  in  a  more  clear 
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differentiation  then  fluid  A.  The  surface  of  the  plate  specimen 
was  cleaned  by  wiping  it  off,  to  preserve  the  hydrophobic 
properties. 

It  couldbe  shown  thatthistest is  not  suitable  for  materials  with 
a  high  erosion  resistance.  Whilejacket  PE  fails  at  test  voltages 
above  525  V,  the  two  materials  LSOH  and  TR-PE  pass  the 
maximim  voltage  of  600  V  and  cannot  be  distinguished.  As  a 
result  of  this  test,  we  onlycan  state  that  the  filled  polyethylenes 
show  a  better  resistance  to  electrical  surface  tracking  than 
unfilled  PE. 

Line  electrodes  are  used  to  test  the  resitance  of  jacket  materials 
against  tracking  and  erosion  acooiding  to  IEC  60587.  The  start 
and  end  points  of  the  surface  discharges  are  movable  and  by 
wandering  them  around,  plane  erosions  can  result.  In  addition, 
the  surface  of  the  plate  specimens  were  roughened,  which 
destroys  the  water  repellence.  Therefore  the  erosion  starts 
immediately  afterthe  beginning  of  the  test.  Robust  materials  are 
tested  for  6  hours  at  voltages  of  2.5  kV,  3.5  kV  or  4.5  kV.  For 
lesserosion  resistant  materials,  the  voltage  can  be  increased  by 
steps  of  250  V,  starting  at  1000  V  with  a  step  duration  of  one 
hour. 

Both  test  variations  show  the  same  result.  The  material  LSOH 
has  the  best  resistance  to  electrical  erosion.  TE-PE  comes  out  a 
little  weaker,  and  weakest  is  the  unfilled  PE.  This  ranking 
corresponds  to  the  content  of  metal  hydroxids  which  are  added 
for  their  effect  of  hampering  the  combustion.  Looking  only  at 
erosion,  it  mustbe  stated  that  the  resistance  of  PE  increases  with 
the  content  of  hydroxid  fillers.  This  view  does  not  consider  the 
fact  that  erosion  can  start  only  afterthe  water  repellence  of  the 
jacket  surface  is  vanished  and  a  closed  conductive  water  film 
covers  the  cable  [3]. 

To  describe  the  complete  aging  process  in  electrical  fields,  both 
components  of  the  lifecycle  have  to  be  looked  at: 
hydrophobicity  and  velocity  of  electrical  erosion.  As  erosion 
cannot  start  before  hyrophobicity  has  reached  a  sufficient  low 
level,  both  lifetime  factors  can  be  added  in  time.  This  explains 
why  a  material  with  a  weak  a  erosion  resistance  can  have  a 

longer  operating  lifetime  than  a  high  track  resistive  material  if  it 
has  a  stronger  and  morelong  term  hyrophobicity. 

Figure  6:  Factors  of  ADSS cable j a ckets« operational  lifetime 


hydrophobicit 


thermal  erosion  resistance 


new 

cable 


- ( - 

end  of 
operation 


time 


electrodes,  the  voltage  is  directly  applied  to  the  cable  surface. 
The  constant  moistening  and  the  strong  surface  currents  of 
several  hundred  mA  lead  to  a  uniform  erosion  of  the  cable 
surface.  This  erosion  increases  in  the  vicinity  of  the  electrodes 
since  this  is  where  most  of  the  surface  discharges  are  ending 
(which  startat  the  edges  of  the  electrodes).  The  hot  footspots  of 
these  arcs  cause  a  stronger  thermal  strain  next  to  the  electrodes . 

In  this  test,  the  TR-PE  cable  jackets  showa  significantly  betto* 
erosion  resistance  than  LSOH  cable  jackets,  which  can  be 
explained  by  the  influence  of  the  durable  hydrophobicity  of  TR- 
PE,  caused  by  its  lower  content  of  fillers.  During  the 
hydrophobic  phase;  drops  of  salt  water  are  formed,  which 
prevent  continuous  ohmic  paths  along  the  surface.  The  hot 
discharging  footspots  cannot  land  on  the  jacket  and  cannot 
bum  the  surface,  but  are  for  a  considerable  testperiod  located  on 
the  electrodes. 


By  using  the  COLIT  (Coming  Lifetime  Test)  [1],  the  more 
qualitative  ranking  of  the  three  materials  we  have  achieved  in 
the  standard  tests  can  now  be  rated  by  figures.  For  the 
environment  we  chose  the  typical  central  European  coastal 
conditions:  spraying  water  with  a  low  salt  content,  frequent 
rainfalls,  a  low  grade  of  industrial  and  agricultural  pollution 
and  alternating  wet  and  dry  phases. 

The  result  under  these  conditions  proves  a  significant  lifetime 
increase  of  filled  PE  jackets  compared  to  the  MDPE  jacket. 
Despite  their  stable  water-repellent  surface,  MDPE  jackets  reach 
only  one  third  of  the  operating  lifetime  of  the  highly  filled 
LSOH  jackets.  The  most  resistant  jacket  material  is  the  medium 
filled  TR-PE;  which  survives  three  times  longer  than  LSOH  and 
ninetimes  longer  than  MDPE. 

If  we  assume  a  lifetime  ofthreeyears  for  a  MDPEjacket  installed 
in  a  220  kV  line, we  can  expect  a  threetimes  longer  lifetime  for  a 
LSOH  jacket  under  the  same  conditions,  and  a  nine  times 
extended  operating  lifetime  fora  TR-PEjacket. 

Latest  investigations  showthat  the  results  gained  under  central 
European  conditions  are  not  valid  for  other  regional  climates, 
especially  not  in  desert  areas.  If,  by  the  lack  of  rain,  surface 
depositions  of  dust  and  salt  are  built  up,  the  water-repellent 
operational  phase  will  be  considerably  shortened.  In  addition, 
chemical  interactions  between  the  jacket  material  and  the  dust 
layer  can  accelerate  the  surface  destmetion  during  arcing 
considerably. 


The  test  of  erosion  and  tracking  in  the  standard  draft  IEEE 
PI 222  is  a  modification  of  the  test  for  electrical  insulators 
under  humid  and  polluted  conditions  [4].  By  means  of  surface 
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Table  2:  Resistance  to  Tracking  and  Erosion  of  ADSS  Cable 
Jacket  Materials  in  Material  and  CableTests. 


Test 

Material 

IEC60112 

IEC  605  87 

IEEEP1222 

(Draft) 

COLIT 

lifetime/y 

MDPE 

++ 

+ 

3*> 

LSOH 

+++ 

+++ 

+4- 

9*> 

TR-PE 

-H-+ 

++ 

+++ 

27*> 

+  normal, 
conditions 

++  good, 

+++  excellent  *)  central  European 

Reinha  rd  M.  Engel 

Coming  Cable  Systems 

Special  Communication  Cables 

RD&E 

Austra§e  101 

96465  Neustadt 

Germany 

reinhard.engel@20ming.com 


5.  Conclusions 

A  newly  developed  jacket  material  extends  the  operating 
lifetime  of  All  Dielectric  Aerial  Cables  significantly.lt  shows 
excellent  tracking  resistance  in  the  standardized  material  tests. 
For  the  coastal  conditions  of  Central  Europe,  the  lifetime 
forecasts  in  the  environmental  cable  test  chamber  confirm  the 
expected  improvements. 
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Abstract 

In  a  cable  factory,  sometimes  an  undesired  cable  which  does  not 
satisfy  the  NEXT  specification  is  produced.  One  experimental  fact 
has  been  found  from  the  measurement  about  the  undesired  cable.  It 
shows  that  the  measured  NEXT  margin  to  the  specification  is  in¬ 
versely  proportional  to  the  least  common  multiple  length  of  each 
pitch  of  the  measured  two  twisted-wires.  The  goal  of  this  research  is 
to  know  why  it  occurs.  But  unfortunately  we  could  not  do  that  by 
now.  In  the  process  of  doing  this  research,  several  fundamental  NEXT 
characteristics  about  the  pitch  are  obtained.  In  this  paper,  we  de¬ 
scribe  these  results.  The  NEXT  characteristics  is  analyzed  for  the 
pitch  combination  and  pitch  length.  The  last  short  section  length  at 
the  cable  end,  which  is  shorter  than  the  L.C.M.  length  of  each  pitch 
of  the  two  twisted-wires,  affects  the  NEXT  characteristics.  The  NEXT 
is  also  significantly  influenced  by  the  initial  angle  of  each  twisted- 
wires  at  starting  point  of  the  cable. 

Keywords 

NEXT,  Twisted  Pair  Cable,  Pitch,  Least  Common  Multiple,  Four- 
port  Chain  Matrix 


1.  Introduction 

A  twisted  pair  cable  is  widely  used  and  it  is  recently  developing  for 
high  frequency  up  to  GHz  band.  One  of  the  important  characteris¬ 
tics  of  the  twisted  pair  cable  is  the  NEXT(near  end  crosstalk).  In  a 
cable  factory,  sometimes  an  undesired  cable  which  does  not  satisfy 
the  NEXT  specification  as  shown  in  Figure  1 .  In  Figure  1 ,  the  NEXT 
overs  the  limit  at  40MHz.  By  analyzing  the  NEXT  data  about  all  of 
two  twisted-wires  of  twenty  four  twisted-wires  which  are  bundled 
in  one  cable,  we  have  found  an  experimental  fact  as  shown  in  Figure 
2.  In  Figure  2,  each  point  represents  the  NEXT  margin  to  the  speci¬ 
fication  and  they  are  collected  from  the  measured  data  at  various 
frequencies  from  1MHz  to  100MHz.  Figure  2  shows  that  the  mea¬ 
sured  NEXT  margin  to  the  specification  is  inversely  proportional  to 


Figure  1.  Example  of  NEXT  chracteristic  not  up  to 
the  specificaion. 


The  least  common  multiple  length  of  each  pitch 
of  the  measured  two  twisted-wires(mm) 


Figure  2.  Measured  NEXT  margin  to  the  specifica¬ 
tion  is  proportional  to  the  L.C.M.  length  of  each 
pitch  of  the  measured  two  twisted-wires. 
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the  least  common  multiple  length(L.C.M.)  of  each  pitch  of  two 
twisted- wires.  It  means  that  we  have  to  select  the  pitch  which  has 
small  L.C.M.  value.  The  longer  L.C.M.  pitch  length  may  increase 
the  NEXT  at  lower  frequency.  In  this  paper,  we  have  tried  to  find 
the  mechanism  of  this  phenomena  theoretically,  but  we  could  not  do 
that  by  now.  In  the  process  of  finding  the  mechanism,  we  obtained 
several  fundamental  NEXT  characteristics.  This  paper  describes  those 
results. 

The  NEXT  characteristics  are  analyzed  for  different  pitch  length 
and  combination.  The  NEXT  characteristics  are  analyzed  for  the 
relative  position  of  each  of  twisted-wires  along  the  wire  and  also  for 
the  last  short  section,  which  is  shorter  length  than  the  L.C.M  length 
of  each  pitch,  of  the  cable  end.  They  significantly  influence  to  the 
NEXT  characteristics. 


Segment 


wire  22 


y / /////]///////  ;*>/// /s////ySS/  / 


V7r~ 


dx(m) 


L(m) 


segment  length  =  dx  (m)=L/n 


(a)Side  view  of  a  twisted  pair  cable  which  are  divided 
into  n-pieces  of  short  segments. 


2.  Theory 

2.1  Geometry  of  a  Pair  of  Twisted-wires 

Figure  3.(a)  and  (b)  show  the  geometry  of  a  twisted  pair  cable  which 
is  analyzed  in  this  paper.  As  shown  in  them,  the  twisted  pair  cable 
consists  of  two  twisted- wires  on  the  ground.  Each  of  wire  1 1 -wire  12 
and  wire21-wire22  has  different  pitch,  pitch  1  and  pitch2,  respec¬ 
tively.  The  “pitch”  means  the  length  of  one  twist.  Since  the  height  of 
the  wires  from  the  ground  is  assumed  to  be  sufficiently  high  in  the 
analysis  described  later,  the  twisted  pair  cable  can  be  considered  as 
an  unshielded  twisted  pair  cable.  As  shown  in  Figure  3.(a)  the  cable 
which  is  L  meter  in  length  is  divided  into  n  pieces  of  short  segment 
which  have  the  same  length  of  dx(m).  In  each  section,  each  of  four 
wires  are  treated  as  a  straight  wire  for  simplicity  in  calculating  the 
per  unit  length  parameter.  In  Figure  3.(b)  two  angles,  Ql  i  and  02i, 
vary  from  0  to  2n  in  each  pitch,  pitchl  and  pitch2,  respectively.  The 
angle  0C)  .  is  also  prepared  to  consider  a  group  pitch  which  means  the 
twist  of  two  twisted  wires,  but  it  is  not  used  in  this  paper  so  that  0Q  . 
is  always  0.  Figure  l.(c)  shows  an  equivalent  circuit  using  the  per 
unit  length  parameterfl]  for  the  i-th  segment  of  Figure  3.(a). 

In  Figure  3,  the  following  symbols  are  used  and  the  specified 
values  are  used  in  the  calculation. 

rn,»>  ri2.M  ri2.«-  » and  r22,r  -0.25mm  :  radius  of  each  wire. 
bu  i,bl2  t,bni ,  and  b22i  =0.5mm  :  spacing  between  wire  and  the 
center  of  each  twisted-wires,  respectively. 

dvd2  (m):  projected  distance  on  the  ground  from  the  center  of  each 
twisted- wires  to  the  center  of  two  twisted- wires. 

/ip  -0.3m  :height  of  the  center  of  two  twisted- wires. 
hu  =  ho  +  qu sin (Ooj  +  n)  and  hi.i  =  /zo  +  qusinOo.i  (m):  height 
from  the  ground  to  each  center  of  wirel  1 -wire  12  and  wire21-wire22, 
respectively.  q{,q2  =2mm  and  00  i  =0. 

A,u  =  hu + biusin0u .  h'2  ‘  =  Al  i  +  fc,2’isin (0U  +  n)> 


(b)Longitudinal  view  of  a  twisted  paircable 


(c)Equivalent  circuit  for  the  i-th  segment  of  Fig.1(a) 

Figure  3.  Geometry  and  equivalent  circuit  of  a 
pair  of  twisted-wires  which  is  analyzed. 
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hi\j  =  hi,i  +  bi\  /sin  0.2 /»  and  A22./ =  /*2./  +  &22,/sin(0i./  +  7r)(m) 

:  height  to  each  wires  from  the  ground. 
dwj-du  +  bn.i cos  0i.  ,  d\ 2. / =  d  1 . ;  +  b\ 2.  »  cos  (0 1. » +  ;r)  f 
di\j  —  dj.i  +  i>2i  /cos 0.2 ,  ,and  ^22./  =  ^2./  + 622. /cos  (02./  +  #)  (m) 

:  distance  from  each  wire  to  the  center  of  each  twisted-wires. 

2.2  Four-port  Chain  Matrix  for  Short  Segment 

As  each  segment  in  Figure  3.(a)  is  represented  by  a  four-port  chain 
matrix  of  Eq.  (1),  whole  of  the  twisted  pair  cable  can  be  represented 
by  a  multiplication  of  n  pieces  of  four-port  chain  matrix.  R ,  L.,  and  C 
in  Eq.  (1)  are  the  per  unit  length  parameters. 

E4  (R  +  j(dL\)dx 

jaiCi'dx  E4  (0 

where, 

1  0  0  ol  [7?„  0  0  o' 

EU=  °  1  °  °  R=  0  R'2  0  0 

0  0  1  0  ,  “  0  0  Rt,  0  , 

0  0  0  1  0  0  0  R22 

R*  =  4^0- {' +  \Z3fi  +  (4jr^2W)  J  (Q/m)  [2], 

<7  =  58x1 06  .'conductivity  of  copper  (S/m), 

/i  =  4#xl0“7  :permeability  of  copper  (H/m), 

Liu  M 11-12./  Mu- 21.1  1M  / 

Mu -12./  L12.1  M12-21.F222M  -  / 

Mm  -21./  M12-21/  La  /  M  / 

M11 -22./  M12-22./  M21-22./  Liia 

C»‘  =  /i0  •  f 0  •  £r  •  Lr1  (F/m), 

=4^xl0“7  :permeability  of  vacuum(H/m), 
f0  =  8.85  £1  12  :dielectric  constant  of  vacuum(F/m), 

£r  =  2.4  rrelative  dielectric  constant  of  material  surrounding 
wire  (assumed  value). 


:self  inductance  (H/m),  and 


M 


{hjkj+him.if  +  -d^j)2 

(V<  ~Kj)  +(diU-dlmlf 


:mutual  inductance  (H/m). 


2.3  Calculation  Method  of  NEXT 

The  analyzed  circuit  including  terminal  conditions  is  shown  in  Fig¬ 
ure  4.  In  Figure  4,  the  input  voltages  V.  and  input  currents  /  are 
related  with  output  voltages  V  and  output  currents  Ic  by  Eq.  (2). 
The  source  and  load  circuits  are  also  represented  by  a  four-port 
chain  matrix,  RL  and  Rs,  respectively  in  Eq.  (2). 


Vi 

L 

where, 


(2) 


M/.= 


E4 

04 

Rj 

E4 

Ms  = 


E 4  04 

Rs  E4J’ 


0  0  0  ol  0  0  o' 

o4=  0  0  0  0  0  0  0  0 

0  0  0  0,  0  0  1/RS2  -\/Rs2  , 

.0  0  0  OJ  [00  — 1//?52  1 /Rs2_ 

and 

’  I/R1.1  -\/Ru  0  0  ' 

R  =  —  l/Jtti  Ri.\  0  0 

0  0  l/Rl.2  —  1/  Rl2  . 

0  0  -1/RL2  1 JRL2 

In  Figure  4,  since  all  of  the  load  currents  are  equal  to  zero,  Eq. 
(3)  is  derived  from  Eq.  (2). 


Figure  4.  Analyzed  circuit  including  terminal 
conditions. 


V|  =  A V0 ,  I,  =  CV0  ^  V,  =  AC  ’l,  (3) 

The  input  currents  Ja  and  I.4  are  zero,  too.  Thus,  the  source 
voltages  Va  and  V.4  can  be  obtained  from  Eq.  (3)  by  giving  the  source 
voltages  V.j  and  VQ,  where  Vn=Vj2=l (V)  for  common  mode  driving 
and  Vn=-0.5(V)  and  Vj2=-0.5(V)  for  differential  mode  driving[3]. 
The  NEXT  is  defined  by  equation  (4) . 

NEXT  =  20  log  — ~  ia\ 

*Vn-Vu  <4> 
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Figure  5.  NEXT  decreases  as  the  segment  length 
becomes  short. 

3.  Calculated  Results  and  Discussion 

3.1  Calculated  Data  is  the  Relative  Value 

Figure  5  shows  the  NEXT  characteristics  when  the  segment  length , 
dx(m),  changes.  The  NEXT  decreases  6dB  as  the  segment  length 
become  half.  As  the  wires  in  the  segment  are  treated  as  straight  wire, 
the  NEXT  decreases  according  to  the  segment  length.  It  means  that 
all  of  the  calculated  NEXT  characteristics  in  this  paper  show  the 
relative  NEXT  value.  The  segment  length  of  0.5mm  is  used  in  other 
calculations  of  this  paper. 

3.2  NEXT  Decreases  as  the  Pitch  Ratio  Increases 

Figure  6(a)  shows  the  NEXT  characteristics  as  the  pitch  ratio  changes. 
The  result  shows  that  the  NEXT  is  improved  as  the  pitch  ratio  in¬ 
creases.  In  Figure  6(a),  each  cable  length  has  different  length  be¬ 
cause  the  calculation  is  done  for  the  cable  of  which  the  length  is  the 
multiplication  of  L.C.M.  of  each  pitch.  For  example,  the  cable  length 
of  99.9  meter  for  the  pitches,  9mm  and  18mm,  is  5555  times  of  the 
L.C.M.  length  of  9mm  and  18mm.  As  described  later,  the  last  short 
part  of  the  cable  which  the  length  is  shorter  than  the  L.C.M.  length 
of  each  pitch  cause  big  difference  in  the  NEXT  characteristics.  Thus 
we  used  the  length  of  multiplication  of  L.C.M.  of  each  pitch  as  the 
cable  length. 

Figure  6(b)  shows  the  NEXT  characteristics  as  the  pitch  length 
changes.  The  NEXT  is  improved  as  the  pitch  length  becomes  short. 
From  Figure  6,  it  can  be  seen  that  the  pitch  length  should  be  suffi¬ 
ciently  short  and  the  pitch  ratio  also  should  be  large  to  get  a  good 
NEXT  characteristic. 


(a)  NEXT  decreases  at  high  frequency  as  the  pitch 
ratio  increases. 


(b)NEXT  decreases  at  high  frequency  as  the  pitch 
length  becomes  short. 


Figure  6.  NEXT  characteristics  for  the  combina¬ 
tion  of  pithces  and  the  pitch  length. 
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3.3  NEXT  is  Influenced  by  the  Last  Short  Section 
Length  of  the  Cable 

Figure  7.(a)  shows  the  NEXT  characteristics  as  the  pitch  combina¬ 
tion  changes  for  the  fixed  cable  length.  The  dot  curve  for  the  99.99 
meter  cable  which  has  the  pitches  of  9mm  and  1 1mm  is  shown  for 
comparison.  The  NEXT  characteristics  shown  in  Figure  7.(a)  sig¬ 
nificantly  change  as  the  pitch  combination  changes.  Because  the 
cable  length  is  fixed  to  100  meter,  there  is  a  short  section  which  has 
shorter  length  than  the  L.C.M.  length  of  each  pitch  at  the  last  part  of 
the  cable.  Figure  7(b)  shows  the  NEXT  characteristics  as  the  last 
short  section  length  changes.  The  short  section  length  is  represented 


(a)NEXT  change  as  the  pitch  combintaion  changes 
where  the  cable  length  is  fixed. 


’  '  ’""’I  T  *  ’  *  T  '"T 
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- 
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- 
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Frequency  (Hz) 

(b)NEXT  change  as  the  percentage  of  the  pitch  length 
to  L.C.M.  length  changes. 

Figure  7.  NEXT  varys  by  the  last  short  section 
length  of  the  cable  which  is  shorter  than  L.C.M 
length  of  each  pitch. 


by  the  percentage  of  the  pitch  length  to  the  L.C.M  length  of  each 
pitch.  This  result  means  that  the  measured  data  would  be  signifi¬ 
cantly  influenced  by  the  slight  cable  length  difference. 

3.4  NEXT  Change  as  the  Initial  Phase  Difference 
between  Two  Twisted-wires  Changes 

Figure  8  shows  the  NEXT  characteristics  as  the  initial  phase  differ¬ 
ence  between  two  twisted-wires  varys.  The  initial  phase  means  the 
angle  of  two  wires  of  a  twisted-wires  to  the  horizontal  direction  at 
the  beginning  of  cable.  There  are  two  initial  phases,  0n  and  82 , 
which  are  shown  in  Figure  3.  In  Figure  8(a),  as  the  initial  phase 


(a)NEXT  varys  by  the  initial  phase  difference^,  - 
62)  between  two  twisted-wires. 


(b)Maximum  and  minimum  NEXT  at  100kHz  for 
the  difference  of  pitch. 

Figure  8.  NEXT  varys  as  the  relative  position 
between  the  two  twisted-wires  position  changes. 
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varys  from  0  to  n/2  for  the  twisted-wires  of  9mm  pitch  and  the  ini¬ 
tial  phase  is  0  for  the  twisted-wires  of  1 1mm  pitch,  the  phase  differ¬ 
ence  changes  from  0  to  n/2,  too.  In  other  words,  the  initial  phase 
difference  is  equivalent  with  the  relative  position  between  two 
twisted-wires  along  the  wire.  Figure  8(b)  shows  the  NEXT  changes 
at  100kHz  which  are  calculated  in  the  same  way  of  Figure  8(a)  for 
various  pitch  combinations.  It  shows  that  the  NEXT  at  100kHz  vary 
as  the  pitch  difference  changes.  The  highest  NEXT  value  increases 
as  the  pitch  difference  increases  and  the  lowest  NEXT  value  slightly 
changes.  As  the  cable  is  cut  at  anywhere,  the  initial  phase  difference 
always  occurs  and  the  NEXT  also  changes.  Figure  8(b)  shows  that 
the  bigger  pitch  difference  causes  the  bigger  changes  in  NEXT  ac¬ 
cording  to  the  intial  phase  difference. 

4.  Conclusions 

We  have  found  the  relationship  that  the  NEXT  margin  of  the  twisted- 
wires  to  the  specification  is  inversely  proportional  to  the  LC.M.  length 
of  each  pitch  of  the  twisted-wires.  Unfortunately,  we  could  not  con¬ 
firm  the  relation  between  the  phenomena  and  the  pitch  of  the  twisted 
wires.  In  the  process  of  this  analysis,  several  NEXT  characteristics 
are  obtained  by  the  calculation  using  the  four-port  chain  matrix. 
Those  are 

(l)The  pitch  length  should  be  sufficiently  short  and  the  pitch  ratio 
also  should  be  large  enough  to  make  a  twisted-pair  cable  which  has 
a  good  NEXT  characteristic.  But  it  is  not  clear  what  value  is  enough 
for  it  in  this  paper. 


(2) The  last  short  section  length  at  the  cable  end,  which  is  shorter 
than  L.C.M.  length  of  each  pitch,  affects  the  NEXT  characteristic. 

and 

(3) The  initial  angle  between  two  twisted- wires  at  the  starting  point 
of  the  cable  affects  the  NEXT  characteristic.  The  bigger  pitch  dif¬ 
ference  causes  the  bigger  changes  in  NEXT  according  to  the  intial 
phase  difference. 

In  this  paper,  we  have  just  shown  the  calculaed  results  without  ex¬ 
periment  because  it  is  difficult  to  make  the  ideal  cable.  Now  we 
have  a  plan  to  confirm  this  calculation  by  FDTD  analysis.  Also,  we 
are  still  trying  to  find  the  reason  why  the  NEXT  margin  is  proportinai 
to  the  pitch  by  considering  the  group  pitch.  The  future  work  is  to 
find  the  pitch  design  method  for  the  high  speed  LAN  cable  with 
sufficient  NEXT  characteristics. 
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Abstract 

Consumer  and  business  desire  for  high  communication  increases  the 
market  for  high  frequency  cables  in  computer  networks,  CATV  and 
GSM-systems.  The  optimization  of  electrical  and  mechanical 
characteristics  of  cable  insulation  by  usage  of  foam  techniques 
requires  a  good  understanding  of  thermodynamical  effects  and  their 
influence  on  the  production  process. 

This  paper  introduces  to  physical  basics  of  manufacturing  foamed 
polymers.  Regarding  cable  insulation,  polymer  and  gas  selection  is 
discussed,  the  technical  demands  are  shown  and  an  explanation  of 
foam  growth  and  stabilization  is  given. 

Using  two  cable  types  as  example,  an  efficient  way  of  checking 
foam  equipment  and/or  production  processes  is  presented. 
Therefore,  a  newly  developed  software  is  used,  which  calculates  or 
simulates  thermal  and  electrical  behaviour  of  the  foam  with  material 
and  processing  parameters  as  input. 

Keywords:  foam,  RF-cable,  data  cable,  extrusion,  blowing 
agents,  gas  injection,  quality  prediction 

1.  Foaming  methods  in  polymer  extrusion 

1 .1  Physical  foaming  versus  chemical  foaming 

Chemical  Blowing  Agents  (CBA)  are  added  to  the  polymer,  either 
as  admixture  or  as  powder  to  mix  with  the  polymer  before  the 
extrusion  process  begins,  or  they  are  already  contained  in  the 
polymer.  The  amount  of  the  admixed  CBAs  determines  the  degree 
of  foaming  but  also  the  melt  temperature  does  because  the 
strength  of  decomposition  process  depends  on  the  temperature.  If 
added  substances  are  between  1%  and  5%  of  the  total  weight  and 
those  mixtures  make  foaming  degrees  up  to  60  %  possible  [1]. 

In  any  case,  they  decompose  thermally  while  giving  some 
chemical  by-products  that  can  affect  other  additives  like  flame 
retardants,  stabilizers  or  colorants.  By-products  act  as  nucleation 
particles  but  can  also  be  a  problem  for  the  electrical 
characteristics,  when  the  polymer  is  used  as  insulation  layer  in 
cable  manufacturing.  At  higher  concentrations,  CBAs  can  cause 
deposits  on  screen  and  screw,  mainly  with  exothermic  powders. 
This  gives  from  time  to  time  a  wash-out  with  process 
destabilisation.  With  CBAs,  it  is  also  difficult  to  foam  high 
temperature  polymers  like  FEP  or  PFA.  In  addition,  the  maximum 
void  ratio  is  limited  to  50-60%.  Here,  alternatives  are  physical 
foam  techniques. 

With  physical  blowing  agents,  void  ratio  can  be  much  higher  (e.g. 
80%  in  cable  insulation  processes)  and  chemical  by-products  are 


only  the  nucleation  residues.  The  void  ratio  is  no  longer  affected 
by  processing  temperature  profile.  On  the  other  hand,  there  is 
more  investment  because  of  gas  injection  equipment  than  with 
conventional  extruders. 

1.2  Physical  blowing  agents 

In  physical  foaming  processes  liquids  or  gases  are  injected  into 
the  extruder  and  dissolve  in  the  plastic  material  under  influence  of 
heat  and  pressure. 

Some  important  properties  of  gases  used  for  physical  foaming  are 
listed  in  table  1  to  give  a  comparison  between  (H)CFCs,  organic 
and  anorganic  types. 
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Table  1.  Gases  for  physical  foaming  with  some 
relevant  properties(n.a.:  data  not  available) 


1 .3  Additive  nucleated  (heterogeneous)  foaming 

In  most  present  applications  a  nucleation  substance  (sometimes 
called  “kicker”)  is  added  to  the  polymer,  in  order  to  start  the 
foaming  process.  These  nucleation  substances  can  work  in  an 
active  or  passive  manner.  Passive  means,  that  only  a  matter 
powder  (e.  g.  talc,  Si02  or  Ti02)  is  used.  Active  nucleation 
substances  work  equivalently  to  CBAs,  so  a  small  intrinsic 
foaming  ratio  (around  5-10%)  already  exists  without  adding  extra 
gas  to  the  melt. 
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1.4  Self  nucleated  (homogeneous)  foaming 

With  a  characteristic  adjustment  of  production  line  parameters  a 
fine  cell-structured  foaming  of  the  melted  polymer  is  obtained 
without  nucleating  agent.  This  process  is  physically  described  as  a 
self  nucleation,  that  makes  an  energy  transition  from  a 
thermodynamic  unstable  state  to  a  thermodynamic  stable  region 
by  using  the  differential  energy  to  create  cell  sites.  A  simple  self 
nucleation  example  is  heating  up  very  clean  water.  Temperature 
grows  up  to  more  than  100°C  (at  1013  mbar),  resulting  in  a  non¬ 
stable  state  of  the  liquid.  As  a  little  distorsion  happens,  the  water 
starts  boiling  while  lowering  temperature  to  100°C. 

2.  Description  of  the  foaming  process 

General  requirements  to  all  blowing  agents  are  : 

•  good  solubility  (high  foaming  power) 

•  rapid  diffusibility 

•  stability  and  inertness  in  the  applied  temperature  range 

•  high  evaporation  rate  of  during  expansion 

•  easy  handling  (no  poison,  not  combustible) 

•  low  electrical  attenuation  in  cable  production 

•  low  ODP  values  (Ozone  Deplation  Potential  bzw.  Global 
Warming  Potential  according  to  the  agreements  of  Montreal 
1982,  Rio  de  Janeiro  1992  and  Kioto  1997). 

To  understand  the  foaming  process  it  is  helpful  to  subdivide  the 
total  process  into  single  processes  and  to  analyze  them  : 

2.1  Polymer 

On  principle,  almost  polymer  can  be  foamed.  Criterions  for 
choice  are  the  electrical  properties  and  the  rheological 
characteristics.  Considering  the  molecular  structure,  foaming 
poly-crystalline  materials  is  more  difficult  than  amorphous 
materials  like  PS. 


The  reason  for  this  fact  shows  picture  1 


temperature 


Figure  1.  Processing  window  for  foams  of 
amorphous  and  poly-cristallinic  polymer 


For  poly-crystalline  polymers,  the  process  temperature  range  is 
smaller,  that  means,  the  production  of  fine  cell-structured  foams 
requires  an  more  exact  process  control.  Table  2  gives  some  values 
for  crystallinity  and  temperature  variations  for  a  selection  of 
polymers. 


Polymer 
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Processing 
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30 

40-50 

10 

50-65 

5 

Table  2:  Cristallinity  and  processing  range  of 


some  polymers 

The  relative  permittivity  is  an  important  electrical  parameter.  The 
solid  values  are  in  the  range  of  about  2.1  (PS)  to  6.0  (PVDF). 
Because  the  communication  cable  engineering  requires  smaller 
values  cables  are  manufactured  in  bamboo  technique  or  produced 
with  polymer  foam.  By  this  means,  cables  can  be  produced  with 
relative  permittivities  to  1 .3  (equation  1  for  foamed  polymer), 
depending  on  the  void  ratio  (see  picture  2). 


0  -sg) 


('-■O 
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efF  :  relative  permittivity  of  the  polymer  foam 


(1) 


*>rp  *  relative  permittivity  of  the  solid  polymer 
Smf  :  a  foam  model  factor 


sg  :  the  void  ratio  as  volume  /  volumefoam 


foam  parameters  (HDPE) 


0  50  100 

void  ratio  [%] 

Figure  2.  Change  of  relative  permittivity,  density 
and  propagation  speed,  depending  on  the  linear 
foaming  degree  (for  HD-PE) 

Permittivity  is  directly  coupled  to  signal  propagation  speed 
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For  cable  insulation,  another  very  important  aspect  is  the 
electrical  damping,  particularly  in  radio  frequency  applications. 
The  value  is  calculated  from  an  equivalent  circuit  with  the 
telegraphic  equation  (3)  [2]  and  is  a  function  of  resistivity, 
dissipation  (loss)  factor  and  dielectric  constant. 

<?1  =  L'C'^  +  (R'C'+L'G')— +R'G'u  (3) 
dx2  dt2  V  dt 

R  :  ohmic  resistivity 

L  :  cable  inductivity 

C  :  cable  capacitance 

G  :  leakage  resistivity 

u  :  voltage  at  the  circuit  input 

The  electrical  loss  factor  tan  8  can  be  written  using  the  complex 
permettivity : 

tan  8  =  (4) 

It  gives  the  relationship  between  regainable  energy  and  energy 
dissipation  by  oscillation  processes  in  alternating  electrical  fields 
and  should  be  as  small  as  possible.  The  reason  for  dissipation  are 
polarization  processes.  The  frequency  dependence  is  given  as  [3] 


—  s'  +  is H  —  1  + 
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0  3V 

:  damping  constant 
:  electron  density 
:  electron  mass 


Table  3.  A  selection  of  polymers  to  compare 


electrical  and  thermal  properties  [4] 


The  loss  behaviour  is  basically  governed  by  3  processes  : 

a  low  frequency  dipole  effect  in  the  microwave  range 
by  frozen  orientation  polarization  in  the  amorphous 
phase  below  the  glass  transition  temperature  (sometimes 
called  Wagner  range) 

an  intermediate  frequency  in  the  deep  infrared,  where 
molecules  are  polarized  by  the  local  field  (  so-called 
Debye  range) 


a  high  frequency  effect  above  10I4Hz  (ultra  violet), 
where  polarisation  is  coupled  to  atoms  and  their 
electrons  (intra  atomic  range) 

In  addition,  there  is  a  temperature  dependence,  that  follows  a  1/T- 
law  in  case  of  weak  dipole  coupling.  But  for  the  application 
described  here,  this  effect  can  be  neglected. 

Typical  values  for  tan8  are  between  10*4  for  non-polar  polymers 
and  0.06  for  polar  materials  and  the  term  er*tan5  will  be  further 
reduced  by  the  foam  (Table  3). 

Because  the  cable  application  determines  frequency  ,  the  term 
sr-tan5  can  be  chosen  depending  on  the  frequency  range.  For  this 
reason,  solid  PVC  can  be  used  for  low-frequency  applications 
without  problems,  but  in  high-frequency  applications  a  small  loss 
factor  and  a  foam-reduced  small  relative  permittivity  are 
necessary.  Picture  3  shows  for  a  given  geometry  of  a  RF  cable 
different  polymer  selections  and  different  foam  percentages  to 
show  the  high  influence  in  the  range  of  GSM  applications. 


Figure  3.  Attenuation  calculation  for  an  1  5/8  inch  RF 
cable.  Upper  diagram  -  influence  of  polymer  tan  8 , 
lower  diagram  -  damping  for  different  void  ratio 
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An  additional  criterion  for  the  polymer  selection  are  the  admixed 
nucleation  substances.  If  an  active  nucleation  substance  is  used 
for  direct  gassing,  the  amount  is  10  times  smaller  than  by  mixes 
for  chemical  foaming.  Passive  kickers  are  in  use  much  more  for 
high  temperature  applications.  In  both  of  cases  about  0.I-0.5  %  in 
weight  is  sufficient  for  beginning  tests.  If  the  base  polymer  matrix 
does  not  contain  nucleation  substances,  kicker  as  powder  or 
granules  can  be  added  to  the  polymer  before  the  melt  process 
begins.  For  high-frequency  applications  it  is  important  to  know, 
that  most  additives  are  polar  and  reduce  electrical  quality. 

2.2  Gases 

According  to  the  above  mentioned  requirements  inert  gases  have 
the  best  properties  for  physical  blowing  agents.  In  most  cases 
nitrogen  is  in  use.  The  meaning  of  CFCs  decreases  in  spite  of  its 
high  solubility  because  of  the  ozone  layer  depletion.  Water  steam 
as  blowing  agents  can’t  be  used  in  the  cable  manufacturing 
because  of  bad  electrical  properties,  Pentan  and  Butan  are 
combustible.  Carbon  dioxide  is  not  simple  to  handle  but  the 
higher  solubility  in  comparison  to  nitrogen  promotes  the  use  of 
carbon  dioxide.  Noble  gases  are  inert,  but  have  a  lower  solubility 
than  N2  or  C02  and  are  more  expensive  so  noble  gases  are  only 
applied  in  special  applications. 


screw  of  100  to  150  bar,  a  higher  pressure  level  (200-250  bar)  gives 
more  spare  in  process  stability  and  is  recommended  while  using  self 
nucleation  techniques. 

The  polymer  system  is  also  influenced  by  additives  such  as  flame 
retardants,  stabilizers  or  colorants  that  can  change  surface  tension 
and  -energy  and  affects  so  gas  solubility  and  mixing. 

Very  important  is  the  dosing  and  injection  equipment,  because  a 
constant  gas  flow  is  the  main  condition  for  stable  foam  production 
within  small  tolerances.  (In  terms  of  chemical  foaming,  this  means 
equipment  for  exact  amount  of  CBA  per  mass  polymer).  This  can  be 
demonstrated  with  a  simple  calculation  :  Production  of  a  data  cable 
(inner  conductor  0.4  mm,  foamed  isolation  OD  0.9  mm)  with  a  void 
ratio  of  60%  at  a  production  speed  of  600  m/min  needs  a  gas 
amount  of  about  0.12  In/min  (In  is  the  normalized  volume  in  liters  at 
1013  mbar  and  0°C).  Using  nitrogen  in  a  direct  gassing  process  at 
an  injection  pressure  of  300  bar  results  in  a  volume  of  0.4  cm3  that 
has  to  be  dosed  linear  during  one  minute.  Assuming  an  equipment 
with  an  internal  volume  of  100  cm3,  in  case  of  a  pressure  variation 
of  only  1  bar  inside  the  barrel  the  injection  system  needs 
approximately  one  minute  to  find  a  new  stable  working  point  !  So 
the  main  aspects  for  the  dosing/injection  system  are 

•  reproducible  gas  flow  measurement 


2.3  Foaming  agent  injection 

When  using  a  direct  gassed  process,  gas  is  injected  under  high 
pressure  into  the  barrel,  the  injection  position  is  typically  at  18- 
20D  using  a  30-33D  screw. 

Under  typical  extrusion  conditions  (T>120°C,  p>10MPa),  nearly 
all  inert  gases  are  overcritical  (sometimes  called  “supercritical”). 
Water,  CFCs  and  organic  gases  can  switch  from  undercritical  to 
overcritical  while  changing  process  temperature  or  pressure.  This 
phase  transition  should  be  avoided  because  flow  measurement  at 
the  critical  point  using  parameters  like  cp  or  density  is  not  well 
defined. 

Solubility  can  be  described  with  Henry’s  law 

AH 

ca  =P.-S(T)  =  p,-S0e'RT  (6) 

cA  :  blowing  agent  mass  concentration 

Pi  :  partial  pressure 

S0  :  gas  solubility  coefficient  at  0  K 
AH  :  molar  solubility  enthalpy  of  the  gas 
R  :  gas  constant  (from  gas  law  pV=nRT) 

In  amorphous  polymers  below  glass  transition  or  in  heterogeneous 
nucleated  systems,  additional  microvoids  can  be  described  by 
adding  a  second  term  (Langmuir  isotherm)  for  gas  sorption  in 
these  ‘holes’,  modifying  equation  (6)  to  [1 1] 

ah  , 

c  =  pr(\-X)S/«r  +ch-±£!-  («•) 

\  +  bp, 

cH  *  Langmuir  saturation  constant 

b  :  Langmuir  affinity 

To  increase  solubility  of  the  blowing  agent  in  the  melt,  it  is 
necessary  to  have  a  minimum  barrel  pressure  at  the  end  of  the 


•  constant  pressure  from  the  point  of  flow  measurement  of  1  bar 
or  better 

•  short  reaction  times  in  case  of  working  point  interferences 

SIEBE  developed  a  new  gas  injection  system,  that  has  in  addition 
a  simple  user  interface,  optional  automatic  parameter  changes 
through  the  lines  process  control  and  a  maintenance  free  gas 
injector  on  the  barrel  that  enables  foam  production  as  well  as  solid 
production  without  assembling  or  disassembling  any  parts. 


2.4  Gas  dissolution,  Mixing 

One  of  the  basic  steps  after  the  injection  is  homogenising  the  gas 
solution  inside  the  barrel.  The  efficiency  of  the  mixing  process  is 
in  first  order  related  to  the  geometry  of  the  screw  and  the  mixing 
elements.  But  it  is  important  not  to  think  in  terms  of  mechanical 
mixing  -  the  process  is  not  based  on  a  2-phase  (emulsion)  system, 
but  on  a  single-phase  (solution)  system  with  a  solubility  gradient. 
Too  long  mixing  elements  or  static  mixers  with  high  shear  rates 
can  even  deteriorate  a  homogenous  solution.  Therefore,  Siebe 
designed  different  screw  types  with  integrated  mixing  elements  to 
get  the  fast  required  dissolution  and  the  constant  homogenity 
needed. 

To  describe  the  diffusion  process  of  the  blowing  agent  in  the  melt, 
physical  gas  properties  (e.g.  solubility,  diffusion  rate)  and 
extrusion  parameters  (e.g.  melt  temperature,  barrel  residence 
time)  are  important,  see  also  Equ.  (4) 

Diffusion  can  be  described  with  Fick’s  law  [6] 


lf  =  D(1,SL  =  D,e""vL 

ot  dx  dx2 


D0  :  binary  diffusion  coefficient  of  gas  in  polymer  at  0  K 
x  :  diffusion  distance 


molar  activation  energy  of  the  diffusion 
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Unfortunately,  the  knowledge  about  S0  and  D0  is  poor,  because 
permeation  measurements  give  only  the  product  of  both.  Another 
problem  is,  that  equations  (6)  to  (7)  can  only  be  used,  if  solubility 
is  low.  At  high  solubility  values,  the  polymer  matrix  is  no  longer 
independent  from  gas  amount  and  diffusion,  even  more  when  gas 
mixtures  are  used. 


2.5  Melt  Transport  and  Cooling 

Once  the  foaming  agent  is  fully  dissolved  into  the  melt, 
temperature  and  viscosity  must  be  optimized  to  have  best 
conditions  for  cell  formation.  If  temperature  is  too  high  and/or 
viscosity  is  too  low,  cell  membranes  will  undergo  a  minimum 
thickness  and  bubbles  collapse.  With  too  low  temperature  and/or 
too  high  viscosity,  bubbles  cannot  expand  because  of  a  high 
surface  energy  (see  below). 

Using  (H)CFCs  is  normally  no  problem  in  respect  to  saturation 
level.  But  with  other  gases,  solubity  is  much  lower  and  so,  melt 
can  be  near  the  critical  saturation.  This  causes  an  effect  that 
should  not  be  neglected  :  Even  if  static  system  pressure  overrides 
the  steam  pressure  of  the  blowing  agent,  local  oversaturation  and 
uncontrolled  cell  growth  may  happen  because  of  dynamic 
pressure  drops.  This  is  possible  on  every  place,  where  high  shear 
rates  reduce  local  pressure  below  critical  saturation  pressure. 
Typical  places  for  high  shear  rates  are  all  points  along  the  flow 
channel,  where  the  cross  section  area  has  large  changes  (e.g. 
screen  plate).  Siebe  makes  screw-  and  flowchannel  designs  that 
are  highly  optimized  for  reduced  differential  changes  in  channel 
cross  section.  Measurements  have  shown  that  flow  field  are  best 
with  maximum  angles  below  45°.  With  higher  slopes, 
uncontrolled  local  bubbles  can  establish.  These  bubbles  grow  and 
are  transported  from  a  critical  size  with  the  melt  stream.  If  in  high 
saturated  solutions  (for  high  void  applications)  pressure  loss 
between  screw  and  die  can  cause  a  light  oversaturation,  bubbles 
grow  and  destabilize  the  melt  flow  resulting  in  defects  of  the 
finished  foam  structure. 

As  the  gas  acts  as  a  solvent  in  the  polymer,  the  viscosity  of  the 
polymer  reduces  significantly  (not  depending  on  the  gas  process, 
e.g.  chemical  or  physical  foaming),  so  the  user  can  either  reduce 
temperature  or  pressure  while  maintaining  flowability  or  getting 
higher  throughput  at  same  temperature/pressure  level.  In  most 
cable  extrusion  applications,  choice  is  lowering  temperature, 
where  up  several  K  per  %  gas  (in  weight)  is  achievable, 
depending  on  polymer  and  gas  type.  An  example  is  shown  on 
figure  4  for  a  C02  laden  polypropylene  [clariant].  A 
phenomenological  description  assuming  a  linear  behaviour  for 
small  gas  amounts  (<3%)  is  given  in  [9] : 

Tg  =  Tg0  —  fR  *  a  (8) 

Tg  :  glass  transition  temperature  of  gas  laden  melt 

Tgo  :  glass  transition  temperature  of  pure  melt 

fR  :  reduction  factor 

a  :  gas  amount  in  %  of  weight 

Measured  values  of  Tg  are  in  the  range  of  440  for  R134a  to  847 
for  C02,  so  with  carbonic  dioxide,  1%  of  gas  corresponds  to 
around  8K  in  temperature. 


Figure  4:  Polypropylene  viscosity  reduction  as 
function  of  added  gas  amount  (data  from  [18]) 


2.6  Nucleation 

As  the  inner  pressure  of  the  dissolved  gas  gets  higher  than  the 
outer  pressure,  the  formation  of  cells  can  start.  Normally,  cell 
growth  needs  nucleation  centres  (e.g.  solid  particles  or  micro¬ 
cracks),  where  gas  molecules  collect.  Pressure  drop  can  occur  as 
well  at  the  cross  head  in  extrusion  as  at  injection  moulding 
machines  by  shrinkage  or  opening  the  mould. 

This  pressure  drop  causes  an  oversaturation  of  gas  in  the  melt, 
that  is  in  physical  terms  a  thermodynamic  unstability.  As  an 
unstable  system  tries  everytime  to  stabilize,  a  certain  amount  of 
gas  separates  from  the  polymer.  The  gas  molecules  collect  at 
certain  hot  spots,  building  so  called  “microbubbles”.  The  physical 
description  of  this  nucleation  and  the  following  step  of  cell 
growth  is  still  a  point  of  discussion.  So  the  following  short 
description  represents  only  one  possible  model : 

As  already  mentioned,  nucleation  can  be  separated  into 
homogeneous  and  heterogeneous.  Homogeneous  (or  spontaneous) 
nucleation  can  only  happen  with  extreme  oversaturation  (see  line 
3  in  picture  6).  Heterogeneous  nucleation  on  the  other  hand  needs 
some  boundary  surface,  where  local  void  creation  energy  is 
reduced.  This  reduction  is  a  function  of  surface  roughness 
(described  with  a  conicity  angle  cp)  and  the  angle  8  between 
bubble  surface  and  boundary  surface. 

The  relationship  is  expressed  as  [8] 


Lhe 


Lho 


2  +  2  cos(8  +  (p)  +  cosS  •  (l  -  cos2(8  + 


(9) 


A  :  Number  of  nucleation  sites, 

he  :  heterogeneous, 

ho  :  homogeneous 
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This  formula  shows,  that  heterogeneous  cell  site  creation  is  much 
easier  then  homogeneous.  From  a  view  of  an  operator  it  means, 
that  the  simplest  way  foam  a  polymer  is  to  use  nucleation 
particles,  that  are  small  in  size  and  have  highest  possible 
roughness.  As  a  simple  model,  the  number  of  nucleation  sites  can 
be  calculated  considering  the  nucleation  particles  as  spheres  with 
radius  based  on  nucleation  agent  density  and  amount.  Figure  5 
shows  theoretical  plots  for  two  particle  sizes  as  a  function  of 
nucleation  agent  amount  in  a  HDPE  melt.  To  show  relationship  to 
real  systems,  measured  data  (talc  and  Hydrocerol,  a 
sodiumbicarbonate  system)  are  added.  There  is  a  good 
compliance  of  calculated  and  measured  values.  The  reduction  of 
cells  at  higher  amounts  of  Hydrocerol  is  a  beginning  of 
ovemucleation,  where  cell  coalescence  bubble  collapse  occur. 


sperical  model  of  cell  density 


05  1  1.5 

micNurting  ag*nt  content  [%  of  weight] 


Figure  5:  Number  of  nucleation  sites  as  function  of  the 
nucleation  agent  amount.  Solid  lines  are  calculated 
values.  Discrete  data  are  measured  cell  densities  in  PE 
foam  with  different  nucleating  agents  [10] 

After  adding  the  gas,  the  melt  is  oversaturated  in  terms  of  normal 
pressure  (picture  6,  zone  I).  Injecting  more  gas  is  only  possible  to 
a  maximum  point  that  depends  on  material  and  machine 
parameters  (line  3).  When  the  melt  goes  through  the  die,  system 
pressure  is  lower  than  the  blowing  agents  steam  pressure  -  a  (real) 
oversaturation  occurs  and  bubbles  grow. 

At  very  high  gas  concentration,  nucleation  is  the  main  process,  at 
reduced  concentration  more  and  more  gas  separates  from  the  melt 
by  diffusing  to  existing  cells.  At  the  saturation  point  (line  1) 
nucleation  and  diffusion  stop.  The  larger  and  faster  a  pressure 
drop  is,  the  larger  the  number  of  cells  is,  because  diffusion  time 
(or  diffusion  length)  is  reduced. 


Figure  6.  Cell  nucleation  and  growth  as  a  function 
of  gas  concentration 

2.7  Cell  Growth  and  Stabilization 

Using  concepts  of  statistical  thermodynamics,  free  energy  is  used 
to  describe  phase  transition  and  stabilisation  of  cells. 
Thermodynamic  condition  for  cell  stability  is  a  reduction  of  free 
energy  with  increasing  bubble  radius  (dAG/dr  <  0).  In  an  early 
stage,  AG  grows  with  increasing  radius  (Picture  7,  r>r‘).  This 
means,  that  such  microbubbles  are  unstable  and  can  vanish.  Once 
the  microbubble  overcomes  the  maximum  AG*,  it  stabilizes  and  at 
radius  r  ,  AG  becomes  negative  and  a  stable  cell  grows. 


Figure  7:  Change  of  free  energy  at  the 
nucleation/growth  of  a  cell 
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The  existing  microbubbles  expand,  til  they  reach  an  equilibrum 
between  pressure  inside  the  cell  and  steam  pressure.  In  the 
simplified  model  of  perfect  sphercial  bubbles,  free  surface  energy 
AG  has  to  be  equal  to  volume  creation  energy: 

AG  =  csdA  =  pdV 

=>  4  7tcrd{r2)=^7tpd{ri) 


cy  :  melt  surface  tension 

A,V,r  :  surface  area,  volume  and  radius  of  the  cell 

p  :  inner  pressure  of  cell 


Equation  (10)  shows  another  fact :  at  constant  surface  tension,  the 
inner  cell  pressure  reduces  with  increasing  diameter.  If  bubbles 
with  very  different  radius  contact,  the  membrane  between  can 
burst  and  the  gas  of  the  small  cell  (ra)  enters  the  bigger  one  (rb) 


Apa,b  =  3a 


Vra 


o 

rj 


(ii) 


Even  with  stable  membrane,  there  is  some  diffusion  towards  the 
lower  pressure.  This  means,  that  in  high  void  applications,  a  too 
long  time  between  the  initial  foam  growth  and  lowering 
temperature  below  mechanical  stability  let  the  foam  structure  tend 
to  create  large  cells.  This  effect  is  shown  in  figure  8,  based  on 
same  spherical  model  as  it  was  used  in  chapter  2.6.  The  model 
assumes  an  isotropic  and  homogeneous  distribution  of  cells  in  the 
polymer  matrix.  The  measured  data  in  the  Hydrocerol  system 
differ  at  higher  nucleating  agent  amount  from  calculated  values. 
As  it  is  a  high  void  foam,  at  a  certain  point  more  nucleation  sites 
reduce  the  distance  between  cells  under  some  critical  value, 
resulting  in  increasing  cell  coalescence.  With  talc,  the  number  of 
cells  per  volume  is  less,  so  this  effect  is  not  seen  within  the 
considered  range. 


sperlcal  model  of  cell  size 


nucleating  agent  content  [%  of  weight] 


Figure  8:  Calculated  and  measured  cell  size  in  a 
high  void  PE  foam.  Calculation  is  based  on  a 
spherical  model,  measured  data  from  [10] 


Applications  with  large  cell  size  and/or  low  viscosity  should  also 
be  considered  under  buoyancy  effects  [7] : 


s 

g 

Px 


ds 

dt 


2r2g 

9t| 


(Ps-Pg) 


way  of  a  cell  through  the  melt 
gravitational  acceleration 
density,  S  :  melt,  G  :  gas 
melt  viscosity 


(12) 


By  cooling  down  at  the  appropriate  time,  membrane  bursts  and 
buoyancy  can  be  suppressed.  This  time  depends  on  the  diffusion 
speed  and  can  be  found  in  cable  or  profile  extrusion  processes  as 
the  maximum  diameter  of  the  foam  cone  after  the  die.  The  time 
reduces  with  cell  radius,  because  diffusion  length  reduces  as  well. 

If  cell  size  is  stabilized  below  20  to  50  micrometers,  foam  is 
sometimes  named  “microfoanT  or  “microcellular  foam”.  Another 
definition  is  a  minimum  number  of  nucleation  centres  in  the  order 
of  1010  per  cm3.  The  physical  background  is  the  same  as  in  larger 
cell  size  foam,  the  difference  is  the  better  optical/mechanical 
structure  and  the  smooth  surface  feeling  because  of  small  cells 
and  typically  high  nucleation  site  number. 


3  Production  of  foamed  cable  insulation 

Regarding  to  the  mentioned  facts  about  physical  foaming  a 
complex  model  for  planning  a  foaming  production  line  has  been 
developed.  The  software  uses  polymer  data  and  the  spherical 
model  to  predict  gas  amount  and  to  simulate  thermal  behaviour. 
According  to  this  model  numerical  calculations  by  Siebe  showed 
good  approximations  with  real  observations.  As  example,  two 
typical  cable  types  should  be  used. 

3.1  Parameter  calculation  with  CoaxCalc 

As  a  first  example,  a  CAT  7  data  cable  is  used.  The  base 
parameters  there  are  the  values  for  cable  geometry  and  the 
specifications: 

0.60  mm 
1.43  mm 
100.3  pF/m 
110  Q 


Table  4:  Typical  parameters  of  a  CAT  7 
cable  insulation 


An  HD-PE  acts  as  the  base  matrix,  a  LD-PE  inner  skin  with  a  wall 
thickness  of  20  pm  is  assigned  for  the  adhesion.  Outer  skin  (LD- 
PE  or  PP)  is  used  for  color  coding  and  additional  mechanical 
stability.  The  production  speed  should  be  lOOOm/min.  With  these 
data  a  lot  of  production  parameters  can  already  be  calculated,  for 
example  void  ratio  (around  55%),  gas  amount  (around  0.4  norm 


International  Wire  &  Cable  Symposium 


537 


Proceedings  of  the  51st  IWCS 


Iiters/min),  insulation  diameter  without  gas  (around  1.1  mm)  or 
the  dimensions  of  wire  guide  and  die.  If  the  characteristics  of  the 
used  extruders  are  known,  turn  speeds  are  calculated  from  mass 
output  (figure  9). 


Figure  9:  Calculated  production  data  for  a  CAT  7 
cable  at  lOOOm/min  (with  a  65mm  SIEBE  gas  screw) 

Here  can  be  seen  the  necessity  of  a  high  accurate  gas  injection 
system.  As  gas  injection  of  N2  happens  at  around  500  bar,  the  gas 
volume  (0.46  liters/minute  at  norm  condition)  at  the  injection 
point  is  0.92  cm3  (picture  10).  This  amount  has  to  be  dosed  during 
one  minute  with  variations  less  than  1%. 


Figure  10:  Gas  volume  at  500  bar  for  a  CAT  7  foam 
insulation  at  1000  m/min  for  1  minute  of 
production 

All  calculated  data  (like  gas  amount,  turn  speeds,  solid  values)  are 
in  good  agreement  with  measured  values  during  production. 

3.2  Thermal  Simulation  of  Cooling  down  along  the 
Trough 

If  more  parameters  of  the  used  polymers  (as  heat  capacity, 
thermal  conductivity)  are  available  it  is  possible  to  simulate  the 
thermal  conditions  of  the  cable  along  the  water  cooling.  For 


demonstration,  a  1  5/8  inch  RF  cable  is  used.  Production 
parameters  should  be  8.5  m/min,  using  around  6  norm  liters/min 
of  C02  to  achieve  80%  void. 

It  is  very  important  to  know  the  core  temperature  of  the  cable 
along  the  cooling  trough,  because  the  complete  insulation  needs  at 
least  to  undergo  the  polymer  melt  temperature  before  the  cable 
can  be  redirected.  Otherwise  mechanical  damage  would  result  as 
ovality  and  /  or  eccentricity.  The  cooling  down  can  be  simulated 
by  using  the  same  physical  models  as  in  electrodynamics  : 
temperature  difference  corresponds  to  voltage,  energy  transport 
corresponds  to  current  and  the  material  layer  heat  transfer  value 
corresponds  to  a  true  resistance  [12].  The  insulation  is  divided 
into  concentric  layers  (see  picture  11),  where  heat  transfer  is 
calculated  from  layer  to  layer  at  every  length  cross  section. 


Figure  11:  Physical  separation  os  cable  cross 
section  into  concentric  layers 

Using  the  well  known  formula  for  heat  content 

Q  =  cmmAT  (13) 

Q  :  heat  content 

cm  :  specific  heat 

m  :  mass 

AT  :  temperature  difference 

and  heat  transfer 

dQ  AAA  T 

4>  =  -  =  —  04, 

A  :  transfer  cross  section 


17.3  mm 
41.0  mm 
78  pF/m 

50  n 


Table  9:  Typical  parameters  of  a  1  5/8”  GMS  RF 
cable  insulation 
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L  :  transfer  length 

X  :  heat  transmission  coefficient 

simulation  gives  a  prediction  of  the  temperature  behaviour  inside 
the  foam  including  a  minimum  cooling  trough  length  at  the 
predefined  speed  (see  picture  12). 
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Figure  12:  Simulated  temperature  of  a  foam 
insulated  cable  calculated  as  9  layers 
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4.  Conclusions 

Even  if  the  theoretical  description  of  foam  creation  is  not 
complete,  there  is  a  lot  of  practical  experience,  so  the  application 
engineer  can  select  the  right  method  and  equipment  for  the 
foaming  process. 

Using  the  above-described  results  and  software,  we  developed 
machinery  that  combines  the  advantages  of  all  insulation 
processes  to  one  line.  Without  any  changes,  the  same  line  permits 
solid  production,  chemical  foaming  and  physical  foaming  in 
configurations  as  nitrogen  carbonic  dioxide. 
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The  public  demand  for  a  safer  and  reliable  electricity  supply  has  in¬ 
creased  the  demand  for  Covered  Conductors  (overhead  conductor 
design  including  a  polymeric  layer).  These  lines  are  an  economical 
solution,  compared  to  underground  cables,  to  distribute  energy  in 
rural  and  fast  growing  areas  across  the  world.  In  these  designs  con¬ 
ductors  are  encapsulated  with  one  or  more  layers  of  polymer,  nor¬ 
mally  crosslinked  polyethylene  (XLPE).  This  paper  compares 
XLPE  solutions  with  the  proposed  CENELEC  specification  for  cov¬ 
ered  conductors. 

It  demonstrates  the  improved  properties  that  can  be  achieved  with  a 
moisture  crosslinkable  silane-copolymer  (EVS).  It  presents  aspects, 
in  addition  to  those  in  the  specification,  that  will  further  assure  or 
extend  the  lifetime  of  Covered  Conductors.  The  importance  of  me¬ 
chanical  strength  (crosslinking  degree)  in  achieving  optimal  track¬ 
ing  and  UV  performance  is  highlighted. 

Keywords 

Covered  Conductors,  Moisture  crosslinking.  Tracking. 

1.  Introduction 

The  most  common  way  to  distribute  electricity  is  through  bare  over¬ 
head  wires.  However,  in  the  last  decade  more  and  more  underground 
cables  have  been  installed  to  increase  the  security  of  the  electricity 
supply  and  reduced  the  environmental  impact  in  highly  populated 
areas,  however,  in  rural  areas  overhead  bare  wires  are  still  used.  As 
a  result  of  the  public  demand  of  higher  levels  of  safety  and  reliabil¬ 
ity,  covered  conductors  (CC)  are  becoming  more  common  today 
The  first  installations  were  in  the  50’s  in  North  America  and  later  in 
Europe.  Today,  approximately  1 5000  km  of  covered  conductors  are 
installed  in  Europe.  In  Japan  the  entire  6.6-kV  network  has  been 
changed  to  covered  conductors  for  safety  reasons.  As  a  result  of 
these  good  experiences  more  countries  all  over  the  world  are  show¬ 
ing  interest  in  this  construction.  The  reasons  why  covered  conduc¬ 
tors  are  being  considered  as  an  alternative  along  with  underground 
cables  are: 

-  Lower  costs 

-  Lower  capacitance 

-  Higher  rating 

-  Reduced  need  for  new  way  I  eaves. 


When  compared  to  the  traditional  bare  wire  solution  the  advantages 
of  covered  conductors  are  [1]: 

-  Large  reduction  in  failure  rate,  minimising  fault  maintenance. 

-  Minimising  the  planned  maintenance. 

-  Significant  safety  improvement  for  service  operators  and  third 
parties. 

-  Substantial  reduction  of  duration  and  frequency  of  interruptions. 

-  Reduction  of  the  EMF  ( electromagnetic  field  ),  improving  per¬ 
ception  of  the  public. 

-  Space  reduction,  with  consequently  less  need  for  tree  trimming 
and  right  of  way. 

-  In  Australia  the  concern  for  bush  fires  has  lead  to  the  imple¬ 
mentation  of  covered  conductors. 

The  space  between  the  conductors  can  be  reduced  significantly.  The 
distance  needed  between  conductors  is  1 1 0  cm  at  bare  wires  and  for 
covered  conductors  it  can  be  reduced  to  90  cm.  For  certain  con¬ 
structions  requiring  a  track  resistant  compounds  the  distance  can  be 
reduced  to  10  cm,  Table  1 .  This  significantly  reduces  the  tree  trim¬ 
ming  required  and  narrows  the  right  of  way,  leading  to  reduced 
costs. 

The  significant  reduction  in  failure  rate  can  be  seen  in  Figure  1 .  This 
reduction  is  mainly  due  to  that  the  covered  conductors  provide  a  pro¬ 
tection  against  branches,  animals  and  other  objects  from  causing 

5 
4 
3 


2 


1 

0 

Failure  rate/ 100  km 

Figure  1.  Failure  rate  per  annum/100  km 
of  conductor  [2] 
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The  normalised  capital  cost  for  a  1 1 0  kV  distribution  line  in  Poland  is 
presented  here  as  an  example  [3], 


Figure  2.  The  normalised  capital  cost  of  different 
power  supply  solutions 

In  Figure  2  the  initial  investment  costs  are  compared  for  the  three  al¬ 
ternatives,  Bare  Wires,  Covered  Conductors  and  Underground  Cable. 
For  a  true  cost  comparison  also  the  other  cost  elements  need  to  be  con¬ 
sidered.  There  has  been  calculation  made  and  presented  comparing 
the  global  costs  for  a  specific  area  and  application  [1].  This  calcula¬ 
tions  needs  however  to  be  done  in  the  specific  case  to  compare  the  dif¬ 
ferent  solutions.  The  cost  calculations  should  contain  cost  elements 
from: 

-  Initial  investment 

-  Operational  costs,  including  preventive  and  corrective 
maintenance 

-  Social  cost,  the  cost  of  a  power  failure. 

Their  calculations  are  laborious  but  will  show  that  in  many  cases  cov¬ 
ered  conductors  are  the  most  cost-  effective  solution. 

This  paper  present  recent  results  on  cables  with  XLPE  compounds 
that  are  compared  with  requirements  of  different  specifications  valid 
in  the  world  and  specifically  the  latest  proposal  in  the  CENELEC 
specification. 

2.  Constructions 


Several  constructions  and  standards  are  used  around  the  world.  The 
most  commonly  installed  types  in  Europe  are  outlined  in  Table  1 

Table  1.  Overview  of  Constructions 


Name 

Bare 

Tree 

Partially 

Fully 

Spacer 

Wires 

Wire 

Insulated 

Insulated 

Cables 

Cable 

Overhead 

(PTC) 

Cables 

N°  of 

polymeric 

layers 

0 

1 

2 

4 

3 

Phase 

spacing 

[cm] 

110 

50 

30 

0 

15 

Areas  of 

World 

US, 

Asia, 

Europe 

US, 

use 

Europe 

North 

South- 

Europe 

East- 

South  + 

Centra 

America 

Asia 

Voltage 

Range 

6.6  -  24  kV 

10  -  35  kv 

10-150  kV 

10- 150  kV 

2.1  Tree  Wire ,  One  Layer  Construction 

The  oldest  and  simplest  construction  is  a  2.3-mm  insulation  of  a  sin¬ 
gle  layer  of  low-density  polyethylene  (LDPE)  or  crosslinked  poly¬ 
ethylene  (XLPE)  on  a  stranded  aluminium  conductor.  The  insulation 
thickness  was  determined  by  the  minimum  needed  to  keep  the  cable 
working  for  up  to  two  weeks  when  trees  are  hanging  against  the 
lines.  From  electrical  insulation  standpoint  a  thinner  thickness 
would  have  been  sufficient.  Here  one  layer  of  insulation  is  giving 
the  mechanical  protection  against  abrasion,  the  electrical  properties 
against  tracking  and  breakdown  and  a  sufficient  adhesion  to  the  con¬ 
ductor  to  avoid  slipping  of  the  conductor  inside  the  cable.  The  latter 
is  important  if  the  cable  is  directly  clamped  with  the  insulation.  Here 
adhesion  forces  up  to  1 00  N/mm2  are  required.  In  other  countries  the 
cable  is  de-insulated  at  the  clamps.  This  can  create  a  disturbance  of 
the  electrical  field.  These  cables  have  been  in  use  for  several  years 
in  the  Northern  Hemisphere.  In  Finland  these  cables  are  called  SAX 
cables,  in  Sweden  BLX  and  in  the  anglophone  area  they  are  gener¬ 
ally  described  as  Covered  Conductors.  In  these  countries  the  con¬ 
structions  are  meant  to  protect  the  cables  against  heavy  winds, 
snowfall  and  medium  weather  exposure,  like  moderate  sunshine  and 
lightning. 


Figure  3.  One  layer  construction 
2.2.  Partial  Insulated  Cables  (PIC) 

The  outages  with  a  one-layer  construction  are  reduced  by  more  than 
55  %  compared  to  bare  wires  and  by  a  further  20%  using  a  two-layer 
construction,  partial  insulated  cable  [2]  Figure  4.  This  type  of  cable 
is  mainly  used  in  Far  East  Asia,  Sweden,  Australia,  Japan  and  South 
America. 

Here  an  inner  semiconductive  layer  is  used  additional  to  the  insula¬ 
tion.  This  improves  the  adhesion  to  the  conductor  and  homogenises 
the  electrical  field  inside  the  cable.  It  is  utilised  in  low  populated 
areas  where  it  is  possible  to  put  poles  and  using  the  three  different 
phases  with  a  distance  of  approximately  30-cm. 

Separate  partially  insulated  cables  are  fixed  with  aluminium  wire  to 
insulators  on  brackets.  The  insulation  thickness  is  depending  on  the 
rated  voltage  varying  within  2.8  and  5.4  mm.. 


Figure  4.  Normalised  Failure  Rate  of 
different  constructions  [2] 
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2.3  Fully  Insulated  Construction 

In  the  southern  part  of  Europe  standard  medium  voltage  cables  are 
used  bundled  together  with  or  without  a  supporting  wire,  Figure  5. 
This  construction  is  then  protected  using  a  high-density  polyethyl¬ 
ene.  Due  to  the  construction  the  tracking  risk  is  very  low,  however, 
it  has  similar  cost  in  production  as  a  standard  underground  cable! 
without  the  cost  of  digging. 

3.  Requirements  Defined  by  CENELEC 

In  table  2  different  materials  are  compared  witht  he  proposal  of  the 
CENELEC. 


installed  in  South  and  West  Europe 


Table  2.  Comparison  of  different  insulator  material  with  the  proposed  CENELEC 
specification  covering  Tree  Wire  and  PIC 


Properties/ 

Test  Method 

Standard 

Typical  Values 

PrEN50XXX/l 

Track  resistant-XLPE 

XLPE  Black 

XLPE  Black 

Polymer 

XLPE 

XLPE 

Moisture 

Moisture 

Crosslikable 

Crosslinkable 

Copolymer  (EVS) 

MD  Copolymer  (EVS) 

UV  stabilisation 

>2.0%  Carbon  Black 
or  UV  stabiliser 

0.5% 

2.5% 

0.5%  +  UV  stabiliser 

Track  Resistance 

3.5  kV 

3.5  kV 

2.8  kV 

3.5  kV 

Track  Resistance 

6  h 

>300  h 

>200  h 

>300  h 

AC  Breakdown  Strength 

>U 

>22  kV/mm 

>22  kV/mm 

>22  kV/mm 

Heat  Elongation 

<175% 

60  -  80% 

60% 

40% 

Tensile  Strength 

>12.5  MPa 

22  MPa 

17  MPa 

25  MPa 

Elongation  at  Break 

>200% 

500% 

350% 

380% 

Variation  of  mechamical 
properties  after  7  days,  135°C 

<25% 

<25% 

<25% 

<25% 

Variation  of  mechanical 
properties  after  2000  h  UV  ageing 

<10% 

<10% 

<10% 

<10% 

The  specification  requirements  shown  in  Table  2  detail  the  founda¬ 
tion  for  material  solutions  for  Covered  Conductors.  Experience 
working  in  this  area  shows  that  additional  consideration  needs  to  be 
given  to: 

-  Abrasion  resistance 

-  Conductor  adhesion 


F igure  6  shows  the  abrasion  index  (Taber  mass  loss  per  1 000  cycles) 
for  crosslinked  LDPE  and  crosslinked  MDPE.  This  shows  that  in¬ 
creasing  the  density  reduces  the  abrasion.  There  is  a  50%  increase 
in  the  number  of  cycles  to  remove  the  same  amount  of  the  material 
when  moving  from  LDPE  to  MDPE. 


-  Track  resistance  after  UV  exposure 

-  UV  stabilisation 

Attention  to  these  areas  significantly  improves  the  performance  and 
longevity  of  Covered  Conductors. 

3.1  Mechanical  Properties 

3. 1. 1.  Abrasion  Resistance.  On  the  basis  of  electrical  perform¬ 
ance  the  thickness  of  the  insulating  layer  could  be  considerably  thin¬ 
ner  than  used  in  normal  practice.  The  increase  is  to  enable  the  con¬ 
ductors  to  operate  in  emergency  situations,  laying  on  the  ground  or 
with  tree  contact.  Given  the  rugged  nature  of  the  operation,  normal 
as  well  as  emergency,  it  is  important  that  the  material  is  immune 
from  abrasion  damage.  Abrasion  could  reduce  the  insulation  wall 
below  that  required  for  emergency  operation. 


Figure  6.  Abrasion  Resistance  according  to  Taber 
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3.1.2.  Adhesion  to  the  conductor.  Two  methods  of  connecting 
Covered  Conductors  to  the  supports  are  currently  used  through  out 
Europe: 

-  Clamps  used  around  the  insulation 

-  Clamps  attached  through  the  insulation  and  onto  the  bare  wire. 

When  using  the  first  method  it  is  clear  that  a  very  good  adhesion  is 
needed  between  the  insulation  and  the  conductor.  If  the  adhesion  is 
too  low  the  insulation  might  slip  creating  vibration  and  other  prob¬ 
lems.  The  adhesion  issue  is  further  exacerbated  by  the  use  of  grease 
to  improve  the  water  tightness  of  the  conductor. 

The  impact  of  insulation  material  on  the  adhesion  is  shown  in  F  igure 
7.  The  crosslinked  MDPE  based  material  exhibits  the  highest  pull 
out  force  and  gives  the  best  adhesion.  Here  crosslinked  material  has 
one  further  advantage  over  thermoplastic  material,  having  better 
mechanical  properties  at  elevated  temperatures. 

110 


90 


70 


Flexible  EVS  EVS 1  EVS  2  MD-EVS 

Figure  7.  Adhesion  to  metal  according  to 
NFC  33-209 

3.2  Electrical  Properties 

3.2. 1.  Track  Resistance .  In  the  early  sixties  it  was  recognised 
that  unshielded  power  cables,  particularly  in  wet  contaminated  en¬ 
vironments,  had  surface  induced  voltages  leading  to  leakage  cur¬ 
rents.  These  currents  and  associated  surface  discharges  are  known 
to  combine  into  a  phenomenon  generally  described  as  surface  track¬ 
ing.  Polyethylene  for  itself  has  a  very  good  track  resistance,  but  not 
a  good  outdoor  performance.  The  poor  outdoor  performance  comes 
from  degradation  under  UV  exposure.  The  best  protection  against 
UV  ageing  is  the  addition  of  carbon  black  (CB).  It  is  common  prac¬ 
tice  to  add  2.0  %  carbon  black  to  give  sufficient  protection.  This  is 
based  on  the  studies  done  in  the  Bell  laboratories  in  the  50’s. 
However  the  original  study  recommends  1 .0  %  carbon  black  as  suf¬ 
ficient  enough.  However  2%  of  carbon  black  is  already  significant¬ 
ly  negatively  influencing  the  track  resistance  of  the  compound. 

Figure  8  shows  the  effect  that  the  CB  added  to  improve  the  UV  re¬ 
sistance  has  on  the  electrical  performance,  dust  and  fog  test. 


Force[N] 


i  i  i 


Figure  8.  Dependencies  of  Track  Resistance 
against  Carbon  Black  Content 
(ASTM  D  2132) 

To  balance  the  opposing  requirements  the  optimal  choice  is  to  have 
a  low  amount  of  CB  (0,5%  typically)  and  UV  protecting  additives 
make  up  for  the  inferior  UV  absorption  at  the  low  CB  level.  There 
is  also  a  very  strong  influence  of  the  carbon  black  dispersion  on 
cable  insulation  properties  as  can  be  seen  in  Figure  9.  Therefore  the 
adding  of  the  CB  via  a  masterbatch  will  always  be  inferior  and  a 
more  robust  grade  would  have  the  CB  dispersed  in  the  base  resin, 
then  one  are  not  dependent  of  the  ability  of  the  cable  extruder  to  dis¬ 
perse  the  carbon  black. 


Carbon  Black  dispersion 


Figure  9.  Influence  of  Carbon  Black  content  and 
dispersion  on  Track  Resistance 
(ASTM  D  2303) 

Carbon  Blck  dispersion  index  measured  in  accordance  with  a  slightly 
modified  British  Standard  2782  pat  8 

The  tracking  resistance  is  also  depending  on  the  insulation  thick¬ 
ness,  the  dielectric  constant  and  the  system  voltage.  Severe  tracking 
demands  are  in  the  proposed  European  specification.  The  material 
should  withstand  3.5  kV  for  6  hours  to  pass  the  test.  As  outlined  in 
Table  5  there  are  several  materials  that  are  meeting  this  requirement. 
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In  Figure  1 0  the  EVS  and  the  EVS  MD  are  tested  with  a  carbon  black 
level  of  2,5%.  The  performance  would  be  improved  further  by  the 
use  of  the  specially  developed  masterbatch  for  track  resistance  con¬ 
taining  the  optimised  carbonblack  level,  however  this  indicates  the 
robustness  of  the  silane  crosslinked  compounds  in  terms  of  track  re¬ 
sistance 

kV 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0 

EVS  EVS  MD  LVPEX 

2.5%  CB  2.5%  CB  0.5%  CB 

Figure  10.  Track  Resistance  according  to 
ASTM  D  2303 

3.2.2.  Electrical  Strength.  Covered  Conductors  are  required  to 
operate  under  AC  voltage  in  emergency  conditions  when  lying  on 
the  ground  or  having  tree  lie  on  them.  This  requires  that  the  Covered 
Conductor  are  able  to  pass  an  AC  voltage  test.  The  CENELEC  spec¬ 
ification  requires  that  the  Covered  Conductor  are  able  to  withstand 
rated  voltages  in  water  for  a  minimum  of  6  hours.  The  test  does  not 
require  that  the  Covered  Conductor  maintain  this  withstand  whilst 
under  mechanical  load  (fallen  tree)  at  operating  temperature. 
However  the  mechanical  strength  at  high  temperature  afforded  by 
crosslinking  means  that  XLPE  is  able  to  fulfil  these  requirements. 
The  experience  from  underground  cables  has  shown  that  the  best 
way  to  assure  good  electrical  properties  is  to  use  insulation  that  is 
essentially  free  of  voids,  metal  particles  and  process  contaminants, 
ambers,  gels  etc. 

4.  Crosslinking  and  tracking 

It  has  been  shown  that  a  crosslinked  polyethylene  increases  the  UV 
resistance  compared  to  thermoplastic  material  [4].  In  Brazil  it  was 
found  that  materials  which  passed  the  laboratory  tracking  evaluation 
according  to  ASTM  D-2303  did  not  provide  good  service  and  failed 
in  the  field  [5].  This  indicated  that  the  ’Teal  exposure”  was  more  se¬ 
vere.  Therefore  a  more  severe  tracking  test  was  developed  to  better 
imitate  the  realistic  exposure  of  the  cable.  In  the  method, 
ABRADEE  CODI  3.2. 1 8.23. 1/NBR 10296,  tracking  performance 
are  measured  both  before  and  after  Xenon  UV  exposure  for  2000 
hours,  the  requirements  are  described  in  Table  3. 


Table  3.  Tracking  requirements  for 
ABRADEE  CODI  3.2.18.23.1/NBR  10296 


ABRADEE  CODI 

3.2. 1 8.23. 1  /NBR 1 0296 

Unaged 

sample 

UV  exposure 
2000  h 

Minimum  Tracking 
voltage  for  passing 

2.75  kV 

2.5  kV 

When  applying  this  test  method  it  was  discovered  that  the  thermo¬ 
plastic  materials  had  an  in  built  deficiency  in  long  term  tracking  per¬ 
formance  in  the  field,  see  Figure  1 1 . 


Tracking  Voltage  [kV] 
4.0 1 - 


■  1  I  II 


0  500  1000  1500  2000 

Hours  in  Weather-O- Meter 

Figure  11  Evolution  of  tracking  performance  as  a 
function  of  UV  exposure  according  to  ABRADEE 
CODI  3.2.1 8.23.1/NB10296C  [9] 

It  is  seen  from  this  evaluation  that  even  if  the  HOPE  starts  at  a  high 
level  it  starts  to  drop  when  it  is  exposed  to  UV  light  suggesting  a  non 
suitable  material  for  covered  conductors  when  exposed  to  a  high  UV 
radiation.  A  crosslinked  material  however  shows  a  much  more  sta¬ 
ble  behaviour  during  UV  exposure  [5]. 

This  indicates  that  in  order  to  find  an  optimal  compound  for  covered 
conductors  one  should  look  for  optimisation  with  in  crosslinked 
polyethylene.  Another  test  that  emphasises  the  advantages  of 
crosslinked  PE  versus  thermoplastic  material  is  the  reported  in  Table 
4.  Where  it  is  evident  that  the  tracking  performance  increases  sig¬ 
nificantly  when  crosslinking  take  place. 

Table  4  Comparison  of  thermoplastic  and 
crosslinked  LDPE 


Sample/Dust  and  Fog 
(ASTM  D  2132) 

Cable 

Pressed  plaques 

PEX  Non  crosslinked 

>400  h 

250  h 

PEX  Crosslinked 

>600  h 

1  400  h 

scorch  retarder  present,  this  scorch  retarder  is  a  low  molecular  silane 
compound.  The  scorch  retarder  is  demoting  the  wetting  of  the  cable. 
The  hypothesis  is  that,  in  case  of  abrading  the  surface  by  e.g.  a  tree 
branch,  the  scorch  retarder  will  migrate  to  the  surface  to  again  pre¬ 
vent  good  wetting  of  contaminated  water.  The  wetting  is  essential 
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for  promoting  tracking.  This  mechanism  will  distinguish  the  silane 
crosslinking  material  from  the  peroxide  crosslinking  and  the  ther¬ 
moplastic  materials  in  long  term  real  life  track  resistance.  This  ad¬ 
vantage  will  not  be  detected  in  the  accelerated  tracking  since  the  sur¬ 
face  are  abraded  and  directly  after  they  are  exposed  to  the  tracking 
method  not  giving  time  for  the  scorch  retarder  to  migrate  and  demote 
the  wetting.  In  real  life,  the  abrading  is  a  much  slower  phenomena 
and  therefore  gives  time  for  migration  of  the  scorch  retarder. 

The  European  standard  proposes  a  hot  set  value  of  175%.  A  poly¬ 
ethylene  with  this  value  is  not  sufficient  crosslinked  to  pass  any  of 
the  requirements  and  does  not  give  the  significant  advantage  of 
XLPE.  With  this  high  value  still  a  further  crosslinking  might  occur 
during  the  operation  of  the  cable,  that  might  result  in  mechanical 
damage  of  the  cables.  Additionally  the  tracking  resistance  is  with 
175  %  far  away  from  being  optimal.  As  seen  in  Figure  12  the  track¬ 
ing  performance  is  dependent  of  the  crosslinking. 


Hot  Set  Value  [%] 


Figure  12.  Hot  Set  Value  against  Track  Resistance 
(ASTM  D  2303) 

5.  Compounds  used  for  these  applications 

Low  density  polyethylene  (LDPE)  has  established  itself  already  in 
the  1 950’s  as  a  superior  extruded  insulation  material  for  power  cable 
insulation  this  was  a  result  of  the  selection  of  its  outstanding  elec¬ 
trical  properties.  Today  5%  of  the  polyethylene  production  are  used 
for  Wire  &  Cable  applications.  Firstly,  used  in  its  thermoplastic 
form,  the  need  to  crosslinked  LDPE  has  quickly  evolved  (XLPE). 
This  is  because  XLPE  has  better  properties  than  polyethylene  in 
terms  of: 


derstand  the  benefits  that  are  generally  achieved  with  crosslinking 
and  with  silane  crosslinking  specifically,  the  recent  developments  in 
silane  crosslinking  will  be  explained,  and  how  it  influences  the  re¬ 
quirements  fo  covered  conductors. 

5. 1  Moisture  Curing  Process 

Sioplas  ™  was  introduced  in  1968,  in  this  processes  vinyl  silane, 
normally  vinyl-trimethoxysile  (VTMS),  is  grafted  onto  a  low-den¬ 
sity  polyethylene  (LDPE)  [6].  In  all  moisture  curable  processes  a 
crosslinking  agent,  originally  an  organo-tin.derivative  such  as  di-n- 
butyltindilaurate  (DBTDL),  has  to  be  added.  In  all  these  processes 
the  crosslinking  was  originally  performed  “offline”  by  introducing 
the  cable  core  drum  into  a  steam  cabinet  or  water  bath  heated  to  70 
°C  for  several  hours.  Crosslinkable  ethylene-vinyl  silane  copoly¬ 
mers  (EVS),  specific  for  the  global  wire  and  cable  market  were  in¬ 
troduced  fifteen  years  ago.  The  copolymer  process  solved  some  of 
the  problems  associated  with  the  older  silane  technologies.  As  it  im¬ 
proved  the  product  consistency  resulted  in  cable  manufacturing 
without  any  handling  of  explosive  and  burnable  liquids. 
Copolymers  have  superior  storage  stability  and  contain  no  volatiles. 


5.2  Optimisation  of  processing  characeristics 

Crosslinking  reactions  occurring  during  the  extrusion  process  will 
lead  to  an  increased  viscosity  and  might  result  in  the  formation  of 
pre-cured  particles  (scorch).  These  particles  are  un-meltable  and  can 
be  seen  as  a  contaminant  reducing  electrical  and  mechanical  prop¬ 
erties  as  well  as  negatively  effecting  surface  finish  and  dimension 
stability.  When  using  reactor  copolymers  it  is  possible  to  produce  in¬ 
sulation  having  superior  storage  stability  and  product  consistency 
[7] .  Together  with  a  scorch  retarder  a  virtually  non  scorching  mate¬ 
rial  is  obtained,  Figure  13. 
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Other  obvious  advantages  are  that  a  conductor  temperature  of  up  to 
90°C  can  be  used  using  XLPE  whereas  the  maximum  temperature 
for  LDPE  is  70  °C.  During  a  short  period  of  five  second  it  can  with¬ 
stand  a  temperature  of  250°C.  For  the  one-  and  two-layer  construc¬ 
tion  moisture  curing  is  the  preferred  solution  in  Europe.  To  fully  un¬ 


Figure  13.  Influence  of  the  scorch  retarder  additive 

In  Figure  13  the  melt  index  is  shown  versus  temperature.  A  drop  in 
MFR  indicates  that  precrosslinking  occures.  The  processing  win¬ 
dow  of  grafted  polymers  is  more  narrow  than  that  of  standard  EVS- 
polymers  or  even  EVS-polymers  for  ambient  curing.  Already  at 
160°C  pre-crosslinking  (scorch)  can  occur,  whereas  ambient  EVS- 
polymer  can  be  processed  up  to  210  °C  without  any  problems. 
Scorch  particles  can  be  the  origin  of  surface  defects  or  electrical 
failures. 

5.3.  Development  of  ambient  curing 

An  additive  reacting  with  virtually  all  the  water  present  during  ex¬ 
trusion  made  it  possible  to  develop  compounds  with  higher 
crosslinking  speed.  OrganO-tin  compounds  like  DBTL  have  limita- 
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tions  in  crosslinking  speed  and  they  are  regarded  as  hazardous  sub¬ 
stances,  as  they  inhibit  the  fundamental  energy  conservation 
process  in  mitochondria.  Accordingly  authorities  and  cable  makers 
blacklist  them.  A  class  of  substances  is  now  patented  for  ambient 
curing  of  silane  crosslinkable  polymers,  and  provide  a  less  harmful 
impact  on  the  environment  and  human  exposure  [8].  The  improved 
crosslinking  can  be  seen  in  Figure  14. 


Figure  14.  Crosslinking  speed 


With  the  new  ambient  curing  EVS-polymers  a  very  low  hot-set 
value  can  be  achieved  after  three  days.  As  earlier  highlighted  a  very 
good  crosslinking  degree  is  needed  to  get  better  outdoor  perform¬ 
ance  of  the  cable.  The  crosslinking  speed  is  depending  on  the  cable 
construction  and  on  the  reel  size. 


6.  Practical  solutions 

As  can  be  seen  in  Table  5,  peroxide  crosslinkable  LDPE  has  similar 
tracking  properties,  3.5kV,  as  the  medium  density  based  moisture 
cured  material  with  standard  black  catalyst  masterbatch.  The  posi¬ 
tive  effect  of  the  harder  material  can  be  seen  as  it  is  reaches  the  same 
tracking  in  accordance  with  ASTM  D2303  at  a  less  favourable  car¬ 
bon  black  content.  The  results  with  the  optimised  CB  level  in  the  de¬ 
signed  tracking  masterbatch  needs  to  be  collected  but  indications 
from  Figure  8  gives  that  the  value  will  be  even  higher  than  for 
LDPEX.  LDPEX  performs  however  better  in  the  dust  and  fog  test, 
ASTM  2332  compared  with  the  moisture  cured  low  density  version, 
the  tracking  is  increased  by  0.7kV  to  3.5  kV  and  the  resistance  in  the 
dust  and  fog  test  is  increased  from  >200  to  >  250  hours.  However 
the  only  combination  that  meets  the  Brazilian  test  is  when  combin¬ 
ing  the  intrinsic  good  properties  of  a  medium  density  silane 
crosslinkable  base  resin  with  the  specially  designed  track  resistant 
catalyst  masterbatch. 

When  weighting  all  requirements  as  outlined  in  Table  5  together 
with  the  other  important  parameters,  like  abrasion  resistance,  con¬ 
ductor  adhesion,  tracking  performance  after  UV  exposure  and  a 
high  crosslinking  degree,  it  is  evident  that  the  trackresistant  mois¬ 
ture  crosslinkable  MDPE  best  balance  these  different  requirements 
and  therefor  ought  to  be  the  preferred  material  for  Covered 
Conductors,  securing  longevity  in  the  field. 


Table  5.  Comparison  of  different  crosslinkable  compounds 


Properties/ 

Covered  Conductors,  typical  requirements 

Typical  Values 

Polymer 

Peroxide  crosslinkable  PE 

Moisture  Crosslinkable  PE 

Thermoplastic  PE 

Peroxide 

Crosslinking 

LDPE 

Moisture 

Crosslinking 

LDPE 

Moisture 

Crosslinking 

MDPE 

Track  Resistance 
Moisture 

crosslingking  MDPE 

Carbon  Black  content 

>2.0%  or  lower  with  combination  of  a 

UV protector 

0.5% 

2.5% 

2.5% 

0.5% 

Track  Resistance:  ASTM  D  2305 
ASTM  D  2332 

Abradee  Code  3.2.18.23.1/ 

INBR  10296 

>2.0  kV 
>200  h 

>2.75  kV 

>2.5  kV  for  UV  exposed 

1 

2.8  kV 
>200  h 

Fail 

3.5  kV 
>250  h 

Fail 

3.5kV 

Pass  (3.5  kV) 

AC  Breakdown 

>5kV/mm 

>22  kV/mm 

>22  kV/mm 

>22  kV/mm 

>22  kV/mm 

Heat  Elongation 

<175% 

70% 

60% 

40% 

40% 

Tensile  Strength 

>12.5  MP 

22  MPa 

17  MPa 

25  MPa 

25  MPa 

Elongation  at  Break 

>250% 

>500% 

>350% 

>380% 

>380% 

Variation  of  mechanical  properties 
after  7  days  at  135°C 

<25% 

<25% 

<25% 

<25% 

<25% 

Variation  of  mechanical  properties 
after  200  h  UV  ageing 

<10% 

<10% 

<10% 

<10% 

<10% 

ESCR 

ASTM  D  163 

No  cracks 

1000  h 

No  cracks 
>1000 h 

No  cracks 
>1000h 

No  cracks 
>1000 h 

No  cracks 
>1000 h 
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7.  Conclusions 

Covered  Conductors  have  been  recognised  as  an  economical  and 
environmentally  friendly  solution  to  energy  distribute.  Today  there 
are  compounds  on  the  market  that  can  give  a  cable  manufactures  a 
wide  choice  of  producing  cables  according  to  the  different  demands 
of  the  utilities.  It  is  shown  that  crosslinking  in  general  and  silane 
crosslinking  compounds  specifically  offer  unique  properties  that  are 
of  importance  for  a  robust  and  economical  overhead  cable  con¬ 
struction.  The  following  parameters  should  be  included  in  an  opti¬ 
mal  compound: 

-  Crosslinked,  for  long  term  track  resistance,  UV  protection, 
abrasion  resistance. 

-  0,5%  CB  +  UV  additivation,  for  tracking  resistancy  and  UV 
protection. 

-  Higher  density,  MDPE,  For  track  resistancy  and  abrasion  resis¬ 
tancy. 

-  Scorch  retarder,  for  track  resistancy,  electrical  properties  and 
processing. 

-  Silane  crosslinking,  for  track  resistancy  and  production  varsity. 

-  Fast  crosslinking,  for  track  resistancy. 

It  is  recognised  that  there  exists  compounds  commercially  today 
that  fulfils  this  requirements. 
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Abstract 

During  their  service  life,  wires  and  electrical  cables,  can  be 
exposed  to  a  variety  of  detrimental  environmental  conditions. 
Beyond  the  effects  of  typical  light  and  heat  exposure,  other 
environmental  conditions  can  negatively  impact  the  physical 
properties  and  performance  of  a  wire  or  cable  during  its  end-use. 
Microorganisms  can  attack  polymers  that  are  typically  used  in 
wire  and  cable  jacketing  formulations  and  other  components  of 
cable  construction,  such  as  filling  compounds,  resulting  in  a 
shortening  of  their  service  life  by  causing  premature  deterioration 
and  discoloration.  This  paper  will  review  a  new  range  of 
antimicrobial  additives  developed,  as  active  ingredients  for  use  in 
a  variety  of  polymer  applications,  to  meet  the  fast  growing  market 
needs  for  biocides  that  can  provide  antimicrobial  surface  effects, 
beyond  typical  polymer  protection. 

Introduction 

The  two  major  purposes  for  the  use  of  antimicrobial  additives  in 
the  polymer  industry  are  as  biostabilizers  and  as  antimicrobial 
active  ingredients.  Biostabilizers  act  against  microorganisms  that 
can  attack  the  polymeric  material  resulting  in  unwanted  changes 
in  physical  properties  or  appearance  of  the  material.  In  addition 
to  this  preservative  action,  active  antimicrobial  additives  provide 
built-in  ability  in  polymeric  products  to  either  maintain  surfaces  in 
a  sanitary  or  hygienic  state  or  to  provide  additional  protection 
such  as  prevention  of  odor  development  and  extended  product 
life.  As  a  result,  these  articles  have  additional  benefits  for  the  user 

PI- 

The  three  major  categories  of  microorganisms  that  can  grow  on 
polymeric  surfaces  include  bacteria,  fungi  and  algae.  Depending 
on  the  intended  function  of  antimicrobial  additives  in  polymeric 
applications,  the  necessary  activity  spectrum  has  to  be  considered 
so  that  a  substance  with  a  good  efficacy  against  the  targeted 
microorganism,  with  no/low  toxicity  against  humans  and  the 
environment  together  with  sufficient  stability  at  processing 
temperatures  and  end-use  conditions  is  selected.  In  some  cases,  a 
mixture  of  antimicrobials  is  recommended  in  order  to  protect 
against  a  broader  spectrum  of  microorganisms.  The  active 


components  of  an  antimicrobial  system  can  either  be  organic  or 
inorganic.  Organic  systems  are  generally  small  molecules  that  are 
incompatible  with  the  polymer  matrix  and  therefore  diffuse  to  the 
surface  where  they  interact  with  microorganisms  present. 
Inorganic  systems  are  based  on  metal  ions,  most  commonly  silver, 
that  are  stabilized  in  a  way  so  that  they  are  unreactive  until 
released  in  association  with  another  agent,  such  as  moisture. 
Hence,  antimicrobial  additives  remain  stored  in  the  polymer,  only 
being  released  gradually  to  the  surface,  providing  continual  and 
long-lasting  activity. 

In  the  United  States,  all  antimicrobial  additives  must  be  registered 
with  the  Environmental  Protection  Agency  (EPA)  for  intended 
use  in  plastic.  Under  the  Federal  Insecticide,  Fungicide  and 
Rodenticide  Act  (FIFRA),  a  company  cannot  make  public  health 
or  pesticidal  claims  for  any  polymer  product  distributed  or  sold 
unless  the  product  has  been  approved  or  licensed  by  the  EPA  or 
covered  by  an  exemption  from  registration,  i.e.  treated  article 
exemption  [2].  Therefore,  the  anti-microbial  additive  supplier 
should  be  consulted  prior  to  the  use  of  these  products  in  order  to 
comply  with  existing  regulations. 

Experimental 

A  variety  of  test  methods  can  determine  the  susceptibility  of  a 
plastic  material  to  microbial  degradation  and  the  resistance  of  a 
material  to  microbial  settlement.  The  most  commonly  used 
method  to  assess  antimicrobial  efficacy  is  the  agar  diffusion  test. 
The  agar  medium  is  applied  uniformly  on  a  petri  dish  and 
inoculated  with  the  test  microorganisms.  The  test  specimen,  2cm 
in  diameter,  is  placed  on  top  of  the  agar  medium.  The  test  plate 
is  then  incubated  for  1 8-24  hours  at  37°C.  After  incubation,  when 
the  microbial  growth  is  visible,  the  growth  of  the  test  organisms  is 
assessed  on  and  around  the  test  specimen.  The  zone  of 
suppressed  microbial  growth  is  measured  from  the  edge  of  the 
sample  disk  to  the  organism  growth  front.  This  is  reported  as  the 
Zone  of  Inhibition  (ZI).  Microbial  growth  is  also  assessed  on  the 
test  specimen  surface  and  is  assigned  a  Vinson  rating  [3]  as 
illustrated  in  Figure  1;  polymer  samples  with  0.1%  of  the 
antimicrobial  additive  AM-1  inhibit  the  growth  of  gram-negative 
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and  gram-positive  bacteria  (Escherichia  coli  and  Staphylococcus 
aureus,  respectively). 


Escherichia  coli  or 
Staphylococcus  aureus 

without  AM-1 


with  0.1%  AM-1  with  0.1%  AM-1 


Figure  1:  Antimicrobial  Activity  of  Polymer  Samples  with  and 
without  0.1%  AM-1  in  Agar  Diffusion  Tests 

Examples  of  organic  antimicrobials  (AM-1)  in  polymers 
commonly  used  in  wire  and  cable  construction  are  provided  in  the 
following  section.  Additional  evaluations  using  an  inorganic 
(AM-2)  antimicrobial  additive,  that  is  known  to  have  a  broad 
activity  spectrum  against  a  large  number  of  bacteria  and  some 
fungi,  a  specific  anti-algae  product  (AM-3),  and  an  anti-fungi 
agent  (AM-4)  are  in  progress.  More  will  be  reported  on  the 
progress  of  these  investigations  at  a  later  date. 


Discussion 

Wire  and  cables  have  a  myriad  of  uses;  wiring  in  housing  and 
construction,  appliances,  electronics,  automotive, 
telecommunications,  marine  use,  and  many  applications.  During 
their  service  life,  if  the  environmental  conditions  are  favorable, 
microorganisms,  such  as  bacteria,  algae,  and  fungi,  can  colonize  and 
reproduce  on  the  exposed  materials.  Aggressive  microbial  growth 
on  the  surface  of  a  wire  or  cable  jacketing  or  in  the  filling 
compound,  for  example,  can  promote  premature  deterioration  and 
discoloration,  possibly  limiting  the  service  life  of  the  product.  In 
applications  where  a  wire  or  cable  has  markings  for  identification, 
discoloration  can  cause  misinterpretation  during  servicing  or 
installation.  In  some  applications,  the  hygienic  condition  of  the  wire 
and  cable  jacketing  may  be  of  concern. 

Antimicrobial  Additives 

In  this  section  of  the  paper,  the  performance  of  a  broad-spectrum 
(organic)  antimicrobial,  AM-1,  will  be  assessed  in  molded 
polypropylene  (PP)  and  high-density  polyethylene  (HDPE). 

Each  growth  inhibition  test  was  performed  twice  and  both  results  are 
given  in  the  respective  tables.  The  zone  of  inhibition  (ZI)  and 
Vinson  rating  are  reported. 

Tables  1  and  2,  present  the  experimental  data  for  PP  and  HDPE, 
respectively.  The  data  show  that  for  the  polymer  samples  that  did 
not  contain  the  AM-1  additive,  there  was  no  suppression  of  either 
test  strain  of  microorganism  growth,  ZI=0  and  VR=0  in  both  cases. 
However,  when  AM-1  is  added  at  0.10%  in  the  PP  sample,  Table  1, 


no  microorganism  growth  was  detected  on  the  test  specimen,  VR=4, 
and  a  wide  zone  of  suppressed  growth  was  present,  ZI  =  26mm  and 
16mm.  In  the  HDPE  test  specimen,  Table  2,  two  concentrations  of 
AM-1  were  evaluated.  The  results  in  HDPE  are  similar  to  those 
observed  in  the  PP  evaluation;  there  was  complete  microorganism 
growth  in  the  HDPE  test  specimens  that  do  not  contain  AM-1. 
Samples  containing  the  AM-1,  there  was  complete  inhibition  of 
growth  on  the  test  specimen,  VR=4,  and  an  increasing  zone  of 
suppression,  ZI,  with  respect  to  AM-1  concentration. 


PP 

Samples 

Staphylococcus 

Aureus 

ATCC  9144 

Escherichia 

Coli 

NCTC  8196 

ZI 

(mm) 

VR 

ZI 

(mm) 

VR 

Without  AM-1 

0/0 

0/0 

0/0 

0/0 

With  0.10%  AM-1 

26/26 

4/4 

16/16 

4/4 

Table  1:  Antimicrobial  Activity  in  Molded  Polypropylene 

ZI  =  Zone  of  Inhibition 

VR  =  Vinson  rating  for  growth  under  the  sample  disc 
4  =  No  growth  (Good  Activity) 

2  =  Weak  Growth  (Moderate  Activity) 

0  =  Strong  Growth  (No  Activity) 


HDPE 

Samples 

Staphylococcus 

Aureus 

ATCC  9144 

Escherichia 

Coli 

NCTC  8196 

ZI 

(mm) 

VR 

ZI 

(mm) 

VR 

Without  AM-1 

0/0 

0/0 

0/0 

0/0 

With  0.20%  AM-1 

22/22 

4/4 

12/12 

4/4 

With  0.50%  AM-1 

24/25 

4/4 

15/15 

4/4 

Table  2:  Antimicrobial  Activity  in  Molded  High-Density 

Polyethylene 

ZI  -  Zone  of  Inhibition 

VR  =  Vinson  rating  for  growth  under  the  sample  disc 
4  =  No  growth  (Good  Activity) 

2  =  Weak  Growth  (Moderate  Activity) 

0  =  Strong  Growth  (No  Activity) 

Conclusions  and  Summary 

The  data  presented  has  shown  efficacy  of  the  AM-1  antimicrobial 
additive  in  polypropylene  and  high-density  polyethylene,  two 
polymers  commonly  used  in  wire  and  cable  applications.  AM-1 
can  also  be  used  in  a  wide  range  of  other  polymers,  such  as  PVC, 
TPE’s,  polyurethanes,  and  styrenics.  Antimicrobial  additives  can 
offer  many  benefits  to  both  manufactures  and  consumers. 
Manufacturers  can  improve  and  differentiate  themselves  from 
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their  competition,  by  offering  products  with  new  ancillary  effects 
and  properties  that  may  provide  real  value  in  many  applications. 
These  products  then  can  offer  significant  benefits  to  the  consumer 
by  improving  longevity  with  respect  to  physical  properties, 
appearance,  odor,  and  hygienic  conditions. 
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ABSTRACT 

All  Dielectric  Self  Supporting  (ADSS)  cables 
are  seeing  increased  use  as  electrical  power 
transmission  and  distribution  rights  of  way  are  being 
used  for  fiber  optic  cable  deployment.  Aerial 
applications  typically  offer  worst-case  scenarios  for 
cable  lifetimes  due  to  combined  effects  of  UV 
radiation,  temperature  extremes,  humidity,  salt,  and 
pollution,  as  well  as  wind  and  ice  loading.  High 
voltage  ADSS  installations  also  have  the  potential 
complication  of  cable  damage  caused  by  electrical 
activity.  This  paper  presents  a  new  methodology  to 
assess  electrical  reliability  of  ADSS  jacket  compounds 
along  with  test  data  on  several  ADSS  jacket  materials 
used  in  the  industry. 

Unlike  older  test  methodologies,  this  new  test 
methodology  provides  higher  resolution  of  material 
performance  characteristics  as  well  as  better 
performance  evaluation  data  as  compared  to  the 
pass/fail  criteria  of  older  test  methodologies. 
Additionally,  up  to  5  cable  samples  can  be  tested  at  one 
time,  allowing  better  statistical  analysis  of  performance 
data.  Versions  of  this  new  test  methodology  have 
been  presented  before  the  Fiber  Optic  Working  Group 
of  the  IEEE  during  the  September  2001  and  March 
2002  meeting,  as  a  replacement  for  the  older  salt-fog 
test  methodology  that  dates  back  to  1997  and  before. 

Several  commercially  available  ADSS  track 
resistant  and  HDPE  jacket  compounds  have  been  tested 
according  to  the  new  test  methodology  before  and  after 
exposure  to  UV  radiation  and  results  are  compared.  In 
this  study  the  various  materials  are  tested  at  voltages 
which  vary  from  4KV  up  to  25KV  and  at  pollution 
levels  which  vary  from  105  fl  M  to  107  Q/M.  Cable 
test  results  on  aged  and  polluted  cables  obtained  using 
the  new  test  methodology  are  related  to  climatological 
and  other  environmental  factors  that  were  presented  by 
the  authors  in  the  2000 IWCS  proceedings.1  The  effect 
of  surface  pollution  levels  is  shown  to  be  an  extremely 
important  variable,  and  methodologies  for 
incorporation  of  the  new  variables  of  cable  age  and 


pollution  levels  are  proposed  to  augment  older 
reliability  guidelines. 

INTRODUCTION 

All  Dielectric  Self-Supporting  (ADSS)  fiber 
optic  cable  offers  a  rapid  and  economical  solution  for 
utility  and  telecommunication  companies  to  deploy 
optical  fiber  cables  along  existing  electric  and  telephone 
utility  pole  rights  of  way.  ADSS  cables  offer  an 
alternative  solution  over  other  aerial  application  cables 
such  as  lashed  or  Figure-8  cables.  All  dielectric 
solutions  are  preferred  and  sometimes  mandatory  for 
installation  on  or  near  electric  power  lines  on  utility 
structures. 

When  ADSS  optical  fiber  cables  are  installed  in 
close  proximity  to  high  voltage  power  lines,  two 
electrical  phenomenon  known  as  dry  band  arching  and 
corona  have  caused  premature  failure  of  cables.  Corona 
is  caused  by  high  electric  field  gradients  at  the  tips  of  the 
suspension  hardware  and  has  been  observed  in  both  field 
and  laboratory  environments.  While  corona  can  be  very 
damaging  to  the  cable,  mitigation  devices  do  exist. 
When  properly  installed  at  each  attachment  point,  these 
devices  dissipate  the  electrical  energy  that  causes  corona 
discharge  andean  prevent  cables  from  being  damaged.  ’ 

Dry  band  arcing  is  a  completely  different 
phenomenon  that  has  proven  to  be  a  more  elusive 
problem  to  solve  and  is  the  subject  of  this  paper.  While 
mitigation  devices  at  the  attachment  points  can  prevent 
cable  damage  due  to  corona,  proper  installation 
guidelines  must  be  followed,  and  appropriate  jacket 
materials  must  be  selected  in  order  to  avoid  dry  band 
arcing.  Proper  installation  guidelines  must  be  based  on 
knowledge  of  the  electrical  fields  surrounding  the  cable 
as  well  as  other  environmental  conditions  including 
climate  and  pollution. 

Events  leading  to  dry-band  arching  can  be 
described  as  follows:  When  first  installed,  the  outer 
jacket  of  an  ADSS  cable  is  hydrophobic  and  non- 
conductive.  As  a  result,  cable  resistance  is  very  high 
even  when  wet,  and  no  appreciable  current  flows  on  the 
surface  of  the  cable.  Over  time,  however,  the  jacket 
becomes  hydrophilic  and  in  some  environments, 


International  Wire  &  Cable  Symposium 


551 


Proceedings  of  the  51st  IWCS 


significant  contamination  may  accumulate  due  to 
pollution  in  the  surrounding  air.  During  wet  conditions 
the  contamination  layer  can  become  conductive  causing 
capacitively  coupled  currents  from  adjacent  energized 
conductor’s  to  flow  within  this  layer.  As  the 
contamination  layer  on  the  cable  surface  dries,  narrow 
bands  form.  These  dry  bands  can  have  high  voltages 
across  them,  sufficient  to  cause  arcing.  If  the  current 
available  to  the  arcs  is  high  enough  (i.e.  the  resistance  of 
the  contamination  is  small  enough  to  allow  pre  dry-band 
currents  in  the  milliampere  range)  arc  heating  can 
degrade  the  ADSS  jacket  and  cause  cable  failure. 

Measurements  of  cable  resistance  in  the  field4 
have  shown  that  newly  installed  ADSS  cables  have  a 
resistance  in  excess  of  109  ft/m.  In  areas  of  relatively 
low  pollution,  measurements  on  cables  with  vanning  age 
showed  a  reduction  in  resistance  to  about  107  7  ft/m  to 
1082  ft/m  after  several  years  of  service.5  With 
quantified  levels  of  cable  resistance  (pollution)  and 
space  potentials  known  in  these  failure  free  installations 
combined  with  available  laboratory  test  results,  safe 
cable  installation  guidelines  can  be  established.  It 
should  be  noted  that,  to  date,  actual  measurements  of 
cable  resistance  are  very  limited  in  number,  and 
restricted  to  a  geographical  region  that  has  a  very  low 
level  of  industrial  pollutants  and  less  harsh 
environmental  conditions  relative  to  other  regions  in  the 
world. 

Selection  of  a  suitable  cable  jacket  material  is 
very  important  to  guarantee  the  long-term  reliability  of 
the  cable.  This  selection  depends  upon  the  phase  to 
phase  voltage  of  the  power  utility  system,  the 
environment,  and  the  position  of  the  ADSS  cable  within 
the  electrical  field.  In  low  space  potential  environments, 
a  typical  high-density  polyethylene  (HDPE)  material 
may  be  used.  However,  in  higher  space  potentials  track 
resistant  jacket  materials  are  required  to  prevent  damage 
due  to  dry  band  arcing  caused  by  proximity  to  high 
voltage  lines.  Cross-linked  or  filled  thermoplastic 
materials  have  shown  the  best  resistance  to  electrical 
activity.  Previous  research  has  shown  that  filled 
thermoplastic  jacket  materials  containing  approximately 
2.5%  carbon  black  provide  a  superior  combination  of 
electrical  and  mechanical  properties  for  protection  of  the 
cables. 6 

A  thermoplastic  track  resistant  jacket  with 
acceptable  carbon  black  content  provides  a  three 
pronged  solution  to  dry  band  arcing.  First,  the  addition 
of  carbon  black  ensures  the  ADSS  will  be  resistant  to 
UV  aging,  thus  reducing  collection  of  salt/pollution  on 
the  cable  jacket,  which  can  lower  cable  resistance. 
Second,  properly  selected  filled  thermoplastic  jacket 
materials  minimize  carbon  surface  tracking  better  than 
cross-linked  materials.  This  assures  a  high  electrical 
stability  of  the  cable  jacket.  Finally,  the  filled 
thermoplastic  track  resistant  jacket  is  resistant  to  heat 


damage  by  ablation  (vaporization  of  material  resulting 
in  pitting),  should  arcing  occur7  8. 

Although  mid-span  space  potentials  of  up  to 
12-25  kV  are  recommended  by  some  manufacturers  as 
suitable  for  ADSS  cable  installation  with  special  jacket 
materials910,  previous  studies  and  installations  have 
shown  that  without  further  protection,  cable  jackets  can 
prematurely  fail  below  these  threshold  voltages611  One 
major  limitation  of  earlier  studies  is  that  they  were  based 
on  test  methodologies  that  did  not  cycle  between  wet 
and  dry  conditions,  and  therefore  did  not  truly  duplicate 
the  mechanism  behind  dry-band  arcing.  Additionally, 
these  earlier  studies  did  not  properly  address  the  high 
degree  of  variability  possible  in  cable  pollution  levels. 
The  current  test  method  has  been  designed  to  most 
accurately  duplicate  actual  dry-band  arcing  conditions 
and  to  be  a  predictive  tool  for  assessment  of  risk  for 
ADSS  installations  in  various  environments  of  voltage 
and  pollution.  The  results  presented  will  illustrate  why 
some  cables  can  be  installed  in  space  potentials  of  25 
KV  and  higher  with  no  apparent  problems,  while  others 
can  fail  in  short  order  in  the  same,  or  even  lower,  space 
potential. 


EXPERIMENTAL 

The  cables  tested  were  of  a  similar  construction 
with  Polybutylene  Terapthalate  (PBT)  tubes  containing 
optical  fibers  stranded  around  a  central  strength  member. 
Superabsorbent  waterblocking  materials  were  used  to 
make  the  interstices  between  the  tubes  watertight.12  The 
cable  had  a  Medium  Density  Polyethylene  (MDPE) 
inner  jacket.  Aramid  strength  yams  were  applied 
between  the  inner  jacket  and  outer  jackets.  The  material 
of  the  outer  jacket  was  varied  in  order  to  examine  the 
effects  of  environmental  exposure  and  electrical  testing. 
Various  outer  jacket  materials  were  investigated  in  this 
study  as  well  as  earlier  studies1,6'7,8,1112  to  get  a  complete 
representation  of  all  common,  commercially  available 
jacket  materials.  A  diagram  of  the  cable  construction  is 
shown  in  Figure  1.  Details  in  the  composition  of  outer 
jacket  materials  are  outlined  in  Table  1 . 

Figure  1.  Schematic  Representation  of  the  Cross 
Section  of  Typical  ADSS  Cable. 


Ripcords 
PBT  Tube 

Centra!  Strength  Member 
Optical  Fibers 
Aramid  Strength  Yams 
Water  Blocking  Materia! 
PE  Jackets 
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Various  track-resistant  materials  were  in  this  study 
as  well  as  HDPE.  The  performance  of  such  compounds 
relative  to  crosslinked  polyethylene  PE  has  been 
compared  in  an  earlier  studies  . 


Table  1:  Composition  of  Cable  Jacket  Materials. 


Sample 

r — - -  — - 

Material  Composition 

Density 

Cable  A 

Filled  Thermoplastic/ 
High  Filler;  Vendor  A 

1.17 

Cable  B 

Filled  Thermoplastic/ 
Low  Filler;  Vendor  B 

1.10 

Cable  C 

Filled  Thermoplastic/ 
Low  Filler;  Vendor  C 

1.10 

Cable  D 

Filled  Thermoplastic/ 

Low  Filler;  Vendor  B; 
Improved  Formulation 

1.10 

Cable  E 

HDPE;  Vendor  C 

0.944* 

0.956 

Cable  F 

Crosslinked 

Polyethylene 

0.935* 

0.947 

♦Base  material  density.  Other  values  are  with  2.6%  carbon  black. 


Aging  of  Cable  Jacket  Materials 

UV  exposure  testing  was  conducted  according  to 
ASTM  G-26/G-155  with  an  irradiance  of  0.38W/m2/nm 
at  340nm  and  approximately  20W/m2  in  the  300-400nm 
(Total  UV)  region.  Total  exposure  was  6895  KJ/m2  at 
340nm  and  363  MJ/m2  in  the  300-400nm  range.  This  is 
equivalent  to  a  little  over  1  year  of  UV  exposure  in 
southern  Arizona,  1.5  years  of  UV  exposure  in  southern 
Florida,  or  about  3  years  of  UV  exposure  in  northern  or 
central  Europe13.  With  the  combined  UV  and  heat  of  the 
test,  an  expected  aging  acceleration  factor  would  be 
approximately  equivalent  to  4-6  years  of  outdoor 
exposure  in  central  Europe.14 

Effect  of  Drv  Band  Arcing 

Effects  of  dry  band  arcing  on  the  performance 
of  ADSS  cable  jackets  were  studied  by  subjecting  the 
cables  to  electrical  space  potentials  before  and  after 
aging.  Two  test  methods  were  compared  in  order  to  give 
correlation  between  different  test  methodologies.  An 
older  salt-fog  test  methodology  as  well  as  a  new 
electrical  test  methodology  that  is  under  investigation  as 
a  new  industry  standard15  were  compared.  The  new  test 
method  was  performed  on  all  materials  with  some 
reference  data  also  available  from  earlier  studies  with  the 
salt-fog  method  on  selected  materials.  The  design  of 
electrical  experiments  and  details  of  the  test  methods  are 
described  below. 


on  one  end  and  a  grounded  cable  dead  end  on  the  other. 
The  samples  were  then  placed  under  tension  and  put  into 
the  salt  fog  chamber.  A  1%  NaCl  (salt)  solution  was 
dispensed  at  a  constant  rate  of  0.4  liters  per  cubic  meter 
per  hour.  After  the  system  was  energized  at  30  kV,  the 
cables  were  inspected  at  50  hours,  100  hours  and  then 
every  100  hours  thereafter.  Values  of  the  parameters 
used  in  salt  fog  test  are  listed  below: 


Duration  of  the  test: 
Test  Voltage: 
Temperature: 

Flow  rate: 

NaCl  content: 
Particle  size: 


1000  hours  (42  days) 
30  kV 
15-25°C 
0.4  liters/hr/m3 
10  kg/m3 
5-20  micron 


It  is  important  to  note  that  the  Salt  Fog  test  is  a 
constant  flow  test  that  simulates  conditions  that  are  not 
likely  to  occur  continuously  in  nature.  This  test  method 
has  been  under  review  by  the  IEEE  Fiber  Optics 
Standards  Committee  and  a  newer  method  that  is  the 
subject  of  this  investigation  is  being  evaluated  as  a 
replacement. 

-New  Accelerated  Electrical  Test 

To  simulate  environmental  conditions  more 
like  actual  preconditions  for  dry-band  arcing  on  high 
voltage  networks,  an  experimental  setup  subjected  the 
cables  to  a  series  of  wet  and  dry  cycles.  An 
experimental  set-up  was  built  indoors  in  Arizona  State 
University’s  High  Voltage  Laboratory.  This  test  setup  is 
based  on  the  theory  of  capacitive  coupling  and  uses  a 
Thevenin  Equivalent  circuit  to  model  the  electrical 
behavior  of  an  ADSS  cable  installed  near  phase 
conductors.16  Figure  2  shows  a  schematic  diagram  of 
the  experimental  set-up.  Similar  to  the  Salt  Fog  test 
which  was,  at  one  time,  included  as  part  of  the  draft 
IEEE  1222  Draft  1997  Annex  A  standard  for  ADSS 
cables,  the  water  reservoir  contains  water  and  NaCl 
(salt)  to  simulate  the  effects  of  precipitation  and 
pollution.  Equivalent  cable  resistance  for  pollution  levels 
is  defined  below.  Three  levels  of  cable  resistance 
representing  a  corresponding  pollution  level  have  been 
suggested  in  previous  research  on  the  dry  band  arcing 

00  17  18 

phenomenon:  ’ 

Equivalent 

Pollution  Level  Resistance 

1.  Light:  107  Q/m 

2.  Medium:  106Q/m 

3.  Heavy:  105Q/m 


Salt-Foz  Test 

Salt  Fog  testing  was  performed  on  unaged  and 
aged  cables  according  to  the  earlier  IEEE  PI 222  Draft 
March  1997  -  Annex  A.  Each  cable  sample  was  sealed 
at  both  ends  and  attached  to  a  high  voltage  brass  ferrule 


Higher  pollution  results  in  lower  cable  resistance  and 
therefore  higher  current  levels  during  dry-band  arcing. 
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r High  Voltase  Electrical  Setup 

The  circuit  diagram  of  the  test  setup  is  shown 
in  Figure  2.  A  small  piece  of  the  cable  to  be  tested  is 
prepared  by  sealing  its  ends  and  fixing  electrodes  on 
the  cable  jacket.  Each  cable  is  energized  through  a  RC 
limiting  impedance  that  is  built  on  a  PCB.  Non- 
inductive  resistors  with  proper  wattage  and  voltage 
ratings  have  to  be  used  to  prevent  damage  due  to  high 
frequency  components  of  the  arcing  current.  High- 
voltage  ceramic-disc  capacitors  are  used  for  the 
capacitance.  The  limiting  impedance  represents  the 
resistance  of  the  pollution  layer  on  the  cable  and  the 
capacitive  coupling  of  the  fiber-optic  cable  with  high 
voltage  and  ground.  The  values  of  the  resistance  and 
capacitance  depend  on  the  pollution  level.  Shunt  (50 
Q)  resistances  with  parallel  voltage  suppression 
devices  are  used  to  measure  the  current.  High  voltage 
(40  kV)  wires  are  used  to  connect  the  RC  impedances 
to  the  insulators. 


Figure  2:  Circuit  Diagram  of  Electrical  Test 


The  cable  is  sprayed  with  salt  water  in  the  region 
between  the  electrodes.  The  salt  water  forms  a 
conducting  layer  on  the  cable  surface  where  current 
can  flow.  Since  the  resistance  of  the  saturated  cable  is 
small  compared  to  the  limiting  impedance,  the  current 
through  the  saturated  layer  is  very  close  to  the  short- 
circuit  current.  When  the  spray  is  turned  off,  the 
jacket  surface  dries  forming  a  dry-band.  High  voltage 
appears  across  the  band  resulting  in  arcing.  Once  the 
cable  dries  sufficiently,  arcing  stops.  This  on/off  spray 
cycle  is  repeated  until  the  cable  fails  or  until  a  fixed 
number  of  cycles  is  exceeded  indicating  a  passing 
result.  Failure  is  defined  as  a  puncture  of  the  jacket. 
The  test  fixture  can  simultaneously  test  five  cables. 
Figure  3  shows  a  picture  of  the  electrical  test  apparatus. 


Figurej:  Photograph  of  Electrical  Test  Apparatus. 


■Mousing.  Tank  and  Spray  System 

A  stainless  steel  tank  (40”  x  30”  x  16”)  was 
built  to  provide  mechanical  support  for  the  cables  and 
other  test  equipment.  A  0.5  hp,  self-priming,  utility 
pump  is  used  to  circulate  the  water  through  the  system. 
A  commercial,  nylon  in-line  water  filter  with  a  40 
mesh,  420  micron,  stainless  steel  screen  is  attached  at 
the  input  of  the  pump.  A  mechanical  timer  is  used  to 
control  the  pump.  A  typical  test  cycle  time  is  15 
minutes  during  which  the  cable  is  wetted  for  2  minutes 
and  allowed  to  dry  for  13  minutes.  A  flow  meter  with 
a  valve  is  used  to  measure  and  control  the  water  flow. 
The  flow  rate  and  water  salinity  are  kept  constant 
during  the  tests.  A  salinity  of  1  %  and  a  flow  rate  of 
0.5  -  0.8  gpm  per  nozzle  are  maintained.  Tests  have 
shown  that  water  salinity  above  0.75  %  does  not  affect 
the  test  results. 

There  are  two  drain  holes  on  the  sides  of  the 
tank  about  1”  from  the  base.  Hence,  the  tank  will  have 
about  1”  of  water  during  normal  operation.  This  water 
will  extinguish  any  fire,  if  a  burning  cable  falls  into  the 
water.  Excess  water  is  returned  to  the  tank. 

To  generate  dry-band  arcing,  the  spray  system 
generates  a  wet,  conductive  layer  on  the  cable  jacket 
between  the  electrodes.  In  order  to  achieve  some 
uniformity  between  spray  cycles,  the  water  spray  has  to 
saturate  the  cable  surface.  Sprinkler  nozzles  have  been 
used  to  spray  salt  water  on  the  cable  sample.  Theses 
nozzles  are  commercially  available  gardening  watering 
nozzles,  made  by  Ewing  Co..  The  opening  diameter  of 
the  nozzles  is  0.012  mm.  An  example  of  a  spray 
pattern  on  a  single  cable  test  is  shown  in  Figure  4. 
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-Cable  Samples 

Aluminum  foil  electrodes  are  wrapped  around 
each  cable.  To  ensure  that  arcing  does  not  occur 
between  the  two  electrodes,  the  electrodes  should  be 
adequately  spaced  to  prevent  electrode  to  electrode 
arcing  at  the  maximum  test  voltage  level.  Experiments 
have  determined  that  a  4”  (10.16cm)  gap  is  sufficient 
for  a  system  voltage  of  40  kV  or  lower.  Figure  5 
shows  cable  samples  with  electrodes  ready  for  testing. 


Aainq  and  Environmental  Effects 

Performance  of  cables  in  electrical  fields  is 
highly  dependent  on  the  aging  of  the  cable.  On  a  newly 
installed  dry  cable,  the  surface  sheath  resistance  is  quite 
high  (>109  Ohm/m)  so  the  induced  currents  are 
insignificant.  Additionally,  the  cable  surface  is  highly 
hydrophobic  so  moisture  and  contaminants  are  not  prone 
to  build  up  and  thereby  reduce  surface  resistance. 
However,  as  a  cable  ages  from  thermal  oxidation  and 
exposure  to  ultraviolet  rays  from  the  sun,  contaminants 
such  as  salt,  pollutants,  and  moisture  adsorb  on  the  cable 
sheath.  The  surface  impurities  can  significantly  reduce 
the  electrical  resistance  to  current  flow  on  the  surface  of 
the  cable. 

The  earlier  portion  of  this  study  has  shown  that 
electrical  activity  and  accumulation  of  pollutants  during 
electrical  testing  can  influence  the  surface  properties  as 
substantially  as  several  years  worth  of  UV  exposure.1 
Additionally,  this  earlier  research  indicated  that  once  a 
certain  level  of  cable  pollution  is  present,  pollutant  type 
and  concentration  rather  than  jacket  material  dominate 
the  surface  electrical  properties  of  the  cable.  Therefore, 
it  is  expected  that  if  electrical  tests  have  a  long  enough 
duration,  effects  of  prior  UV  exposure  should  be 
minimal,  as  long  as  a  suitably  UV  stabilized  jacket 
material  is  used.  However,  as  test  duration  becomes 


shorter  and  test  conditions  more  severe,  the  effect  of 
previous  sample  weathering  exposure  becomes  more 
significant.  The  final  state  of  the  cable  in  any  test  should 
be  the  high  surface  energy  state  of  an  aged  cable,  since 
this  aged  state  will  be  the  most  prone  to  electrical 
activity.  It  is  therefore  advisable  that  requirements  for 
passing  electrical  tests  be  set  such  that  surface  properties 
of  the  materials  have  gone  through  any  transient  stages. 
In  our  case  a  cycle  limit  of  400  cycles  was  selected. 
This  test-cycle  duration  also  keeps  the  test  duration  to 
within  one  workweek. 

Due  to  the  inherent  hydrophobic  nature  of 
polyethylene,  the  newly  extruded  ADSS  jacket  is  not 
prone  to  collection  of  moisture  on  it’s  surface.  As  the 
cable  surface  begins  to  degrade  due  to  heat,  UV- 
radiation,  or  exposure  to  ozone  the  cable  sheath  material 
may  be  wetted  by  rainfall.  Additionally  resistance  may 
be  lowered  from  salt  or  pollution.  With  a  wetted  and/or 
polluted  cable  surface,  dry  bands  of  high  resistance 
surrounded  by  wetted  sections  of  much  lower  resistance 
may  develop.  As  these  bands  develop  the  possibility  for 
arcing  across  the  dry  band  exists,  which  can  damage  an 
unprotected  sheath  by  heat  and  ablation  (vaporizing  of 
jacket  material  causing  pitting). 

The  rate  of  aging  and  the  subsequent  changes 
of  surface  properties  of  the  cable  are  highly  dependent 
on  the  region  in  which  the  cable  is  installed.  In  regions 
where  UV  exposure  is  low  and  climates  are  moderate 
such  as  northern  Europe,  aging  effects  will  be  minimal. 
However,  in  regions  such  as  southern  China  where 
average  temperature,  UV-exposure,  and  pollution  levels 
are  high  the  risk  of  dry-band  arcing  will  be  greater. 

Similarly,  other  factors  such  as  pollution, 
ozone,  dust,  or  aerosols  can  influence  the  surface 
properties  of  cables  and/or  accelerate  material 
degradation.  Pollution  levels  can  vary  greatly  from 
nation-to-nation  and  from  locality  to  locality.  Seasonal 
variation  in  winds  and  other  factors  such  as  wildfires  can 
also  have  effects  on  overall  atmospheric  particulate 
matter,  and  cables  installed  in  coastal  regions  can 
experience  the  added  risk  of  salt-spray.  In  areas  with 
known  high-risk  levels  of  surface  contamination, 
guidelines  should  be  conservative  to  account  for  the 
effects  of  surface  pollution  on  the  electrical  properties  of 
the  outer  jacket. 


RESULTS  AND  DISCUSSION 

Table  2  summarizes  the  results  of  the  salt  fog 
testing  carried  out  in  accordance  with  IEEE  PI 222  Draft 
1997  Annex  A.  This  is  a  pass/fail  test  method  where 
very  few  conclusions  can  be  drawn  from  the  results, 
other  than  the  fact  that  Cable  E,  with  a  standard  HDPE 
outer  jacket,  fails  in  short  order  under  the  harsh 
conditions  and  30  kV.  No  differentiation  is  noted 
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between  cables  A&B  and  actual  service  guidelines 
cannot  be  deduced  from  the  30kV  test  voltage.  One 
thing  that  can  be  noted  is  that  aging  did  not  compromise 
the  ability  of  the  materials  to  pass  the  test. 

Table  2:  IEEE  PI 222  Draft  1997  Annex  A  Salt  Fog 
Test  Results. 


Resistance  =  ( 1 0"  ft'm) 
n<5  :  High  Pollution 
n=6  :  Intermediate  Pollution 
n>7  :  Low  Pollution 


Table  3  summarizes  the  average  cycles  to 
failure  for  the  various  unaged  cable  samples  under 
varying  test  conditions  with  the  new  test  method.  In 
each  case  multiple  samples  were  tested  in  order  to  gain 
information  on  sample-to-sample  reproducibility.  In 
some  cases  multiple  tests  were  also  run  in  order  to  obtain 
data  on  test-to-test  reproducibility. 

Figure  6  is  a  graphical  representation  of  the  failure 
regions  represented  in  Tables  3&4.  This  figure 
illustrates  the  better  differentiation  between  materials 
and  the  more  substantial  relationship  to  in-service 
guidelines  for  materials  possible  through  the  new  testing 
methodology.  The  materials  tested  fell  into  three  basic 
performance  categories.  HDPE  was  able  to  withstand 
the  least  current  during  electrical  testing,  and  when 
current  levels  exceeded  about  1.1mA,  HDPE  would  fail 
in  short  order. 

Table  4:  Average  Electrical  Test  Results  on  Aged 
Cables. 


Figure  6:  Cable  Electrical  Failure  Limits  as  A  Function  of 


0  10  Voc(kV)  20  30 
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The  filled  and  crosslinked  materials  had  a 
greater  capacity  to  absorb  electrical  energy  and  resist 
damage,  but  the  performance  characteristics  between 
different  materials  were  clearly  evident  from  the  test 
results.  Two  track  resistant  compounds  tested  (A&D) 
withstood  the  full  400  cycle  test  duration  with  currents 
of  1.6mA  and  were  able  to  withstand  many  cycles  at  up 
to  2.2mA.  Track  resistant  compounds  B&C  were  not 
able  to  withstand  the  full  400  cycles  at  currents  of 
1 ,6mA  and  above. 

The  relationship  of  electrical  test  results  and  the 
corresponding  service  limitations  of  materials  to  induced 
current  rather  than  voltage  is  very  important,  since 
pollution  level  has  a  very  substantial  effect  on  the 
induced  current  that  is  obtained  at  any  given  space 
potential.  None  of  the  materials,  not  even  HDPE,  failed 
electrical  tests  corresponding  to  low  pollution 
environments  at  voltages  up  to  25KV.  In  fact,  test 
results  lead  to  a  predicted  safe  voltage  exceeding  30KV 
for  all  materials  tested  as  long  as  cable  resistance 
exceeds  107  Q/m.  However,  HDPE  could  only 
withstand  7kV  for  the  full  test  duration  under  heavy 
pollution  conditions  (R<  105£i/m). 

Cables  jacketed  with  compounds  A,  B,  C,  as 
well  as  HDPE  were  tested  after  being  subjected  to  UV 
exposure.  UV  exposure  did  not  substantially  reduce  the 
time  to  failure  in  any  of  the  cable  materials  tested.  The 
materials  studied  were  all  stabilized  with  2.6%  carbon 
black;  thus,  the  results  indicate  that  these  materials  are 
adequately  UV  stabilized  with  this  level  of  carbon  black. 


Table  5A:  Electrical  Test  Data  Set  #1;  14.7KV  Test, 
Heavy  Pollution,  and  Material  A.(8/l/01) _ 


Sample  # 

Cycles 

Survived 

Test  Result 

i 

35 

Failure 

2 

15 

Failure 

3 

89 

Failure 

4 

147 

Failure 

5 

252 

Failure 

Average 

108 

Failure 

Table  5B:  Electrical  Test  Data  Set  #2;  14.7KV  Test, 
Heavy  Pollution,  and  Material  A.(l  1/6/01) _ 


Sample# 

Cycles  Survived 

Test  Result 

1 

48 

Failure 

2 

20 

Failure  1 

3 

23 

Failure 

4 

24 

Failure 

5 

133 

Failure 

Average 

50 

Failure 

Duplicate  tests  were  performed  on  compounds 
A,  B,  and  C  to  verify  repeatability  and  reproducibility  of 


electrical  test  results.  Data  from  electrical  test  results 
from  material  A  are  summarized  in  Table  5  and  data 
from  electrical  tests  conducted  on  material  B  are 
summarized  in  Table  6.  The  overall  test  results  were 
averaged  between  multiple  tests  in  order  to  rank 
materials. 


Table  6A:  Electrical  Test  Data  Set  #1;  11KV  Test  , 
Heavy  Pollution,  and  Material  B.  (10/31/01) _ 


Sample# 

Cycles  Survived 

Test  Result 

i 

39 

Failure 

2 

73 

Failure 

3 

325 

Pass* 

4 

233 

Failure 

5 

143 

Failure 

Average 

163 

Failure 

Test  Stopped. 


Table  6B:  Electrical  Test  Data  Set  #2;  11KV  Test  , 
Heavy  Pollution,  and  Material  B.(l  1/17/01) _ 


Sample  # 

Cycles  Survived 

Test  Result 

1 

280 

Failure 

2 

250 

Failure 

3 

340 

Pass* 

4 

290 

Failure 

5 

300 

Failure 

Average 

336 

Failure 

*Test  Stopped. 


Figure  7:  Electrical  Testing  at  14.7KV,  Round  1. 


Figure  8:  Electrical  Testing  at  14.7K.V,  Round  2. 


Due  to  the  large  number  of  tests  that  were  conducted,  the 
best  overview  of  the  data  is  presented  in  Tables  3&4. 
Electrical  tests  that  produced  passing  results  produced 
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400  cycles  without  a  jacket  puncture  in  each  channel, 
making  the  additional  detailed  charts  unnecessary.  No 
dry  band  arcing  activity  was  observed  in  tests  where 
surface  current  did  not  exceed  1  mA.  The  more  detailed 
data  in  tables  5&6  reveals  that  there  may  be  substantial 
sample  to  sample  variability  in  electrical  test  results, 
necessitating  multiple  samples  in  testing  for  reliable 
results.  The  fact  that  up  to  5  samples  can  be  tested  at 
one  time  is  a  big  advantage  for  the  new  test 
methodology.  Figures  7,  8,  and  9  illustrate  how  the 
statistical  data  from  individual  samples  is  converted  to 
an  overall  average  for  cable  samples  A,  B,  &  C. 

Figure  9:  Average  Electrical  Test  Results  per  Channel 
at  14.7  KV. 


Figure  10:  Average  Cycles  to  Failure  at  14.7KV: 
Average  of  all  Channels. 


Cable  A  Cable  B  Cable  C 


The  substantial  improvement  in  resolution  of 
electrical  test  performance,  combined  with  a  reduced  test 
time  and  the  ability  to  test  multiple  samples,  gives  this 
new  test  methodology  several  advantages  over  the  older 
method.  The  improved  resolution  of  service  parameters 
gives  jacketing  compound  formulators  better  feedback 
on  how  formulation  changes  alter  electrical  performance 
of  the  material.  The  test  data  also  allows  resolution  into 
both  voltage  (space  potential)  and  resistance  (pollution) 
levels,  thereby  giving  cable  manufacturers  and  installers 
better  installation  guidelines  that  can  take  local 
environmental  effects  into  account. 

One  notable  result  of  this  study  was  the  fact 
that  the  ability  to  resist  electrical  damage  was  correlated, 
in-part,  to  the  level  of  filler  contained  in  the  material. 
This  result  was  predicted  in  earlier  work,1'7’*  8  but  until 


now,  it  had  not  been  experimentally  verified  in  cable 
electrical  tests.  Another  notable  result  was  that  a  lower 
filler  materia]  was  developed  during  the  course  of  this 
study  that  showed  nearly  identical  performance  to  a 
material  with  a  higher  level  of  filler.  This  improved  low 
filler  level  material  showed  electrical  performance 
nearly  identical  to  the  high  filler  level  material  A. 

Another  substantial  result  that  was  predicted  in 
earlier  publications1’41617  *18  and  experimentally  verified 
in  this  study  was  the  substantial  effect  of  pollution  on  the 
dry-band  arcing  phenomenon.  This  laboratory  testing 
has  verified  the  validity  of  earlier  models  of  dry-band 
arcing  phenomenon.  Additionally,  these  results  show 
that  variability  in  cable  pollution  levels  is  the  most 
probable  reason  why  some  cable  installations  have 
withstood  years  of  service  in  relatively  high  space 
potentials,  while  other  cables  have  failed  rather  quickly 
in  similar  or  lower  space  potentials. 

CONCLUSIONS 

Earlier  research  by  the  authors  confirmed  that 
aging  and  pollution  significantly  alter  surface  properties 
of  ADSS  cable  jacket  materials  and  thereby  contribute  to 
variation  in  electrical  test  results.  This  study  clearly 
shows  that  cable  pollution  level  can  be  as  important  as 
mid-span  potential  in  determining  the  long-term 
electrical  reliability  of  ADSS  cables.  Cable  pollution 
levels  can  vary  by  orders  of  magnitude  as  a  function  of 
cable  installation  environment  and  age.  The  current 
findings  are  significant  since  pollution  levels  on  cables 
are  largely  uncontrollable,  and  the  results  clearly 
illustrate  that  development  of  universal  and  safe  ADSS 
cable  installation  guidelines  must  account  for  both 
midspan  space  potential  as  well  as  cable  pollution  levels. 
Some  cable  installers  have  already  started  to  quantify 
cable  pollution  levels  through  direct  measurement. 
Direct  measurement  required  for  reliable  cable 
installations  in  high  space  potentials.  Data  on  actual 
cable  installations,  however,  is  very  limited  and 
currently  only  available  from  relatively  benign  pollution 
environments. 

Damaging  electrical  activity  can  start  on  an 
ADSS  cable  surface  with  a  surface  current  as  low  as 
1mA  for  standard  HDPE  jackets  and  between  1.5mA 
and  2.2mA  for  track  resistant  jackets.  To  ensure  that 
dry-band  arcing  does  not  cause  cable  damage,  the 
combination  of  cable  surface  resistance  (pollution  level) 
and  mid-span  potential  must  not  produce  a  surface 
current  above  the  threshold  for  the  jacket  material  of  the 
cable.  If  no  information  is  known  about  pollution  levels, 
a  conservative  assumption  should  be  made  about 
pollution  level  in  order  to  avoid  cable  failure. 

A  conservative  assumption  would  be  to  assume 
high  cable  pollution  (R=105  Q/m)  which  would  result  in 
maximum  mid-span  potentials  of  about  12KV  for  a  good 
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track  resistant  jacket  material  and  about  7KV  for  HDPE. 
Data  on  actual  surface  pollution  has  just  recently  started 
to  become  available,  but  is  very  limited.  In  areas  with 
relatively  benign  environments  with  respect  to 
precipitation,  UV  exposure,  and  pollution  cable  surface 
resistance  has  remained  above  107  Q/m  even  after 
several  years  of  service,  making  installations  in  space 
potentials  of  25KV  and  higher  well  within  the  expected 
safe  level  for  induced  surface  currents.  Many  regions, 
however,  have  much  harsher  environments  for  ADSS 
installations  which  can  result  in  surface  resistance  of 
105£2/m  or  below.  In  these  harsh  environments,  25KV 
installations  would  be  catastrophic.  Any  installations  in 
space  potentials  above  12KV  for  track  resistant  jackets 
and  above  7KV  for  HDPE  jackets  should  have  some 
quantification  of  surface  resistance  so  that  safe  surface 
current  levels  will  not  be  exceeded  and  a  long  trouble- 
free  cable  lifetime  will  result. 
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Abstract 

As  manufacturers  of  copper  data  communication  cable  advance  to 
the  production  of  Category  6  products  and  beyond,  the 
requirement  for  quantifying  every  possible  variable  in  the 
manufacturing  process  becomes  more  critical.  During  the 
insulating  process,  it  is  common  for  the  copper  wire  to 
experience  a  drawdown  effect,  changing  its  dimensions  and 
resistivity  in  the  process.  By  measuring  the  copper  diameter 
before  and  after  the  insulation  it  is  possible  to  determine 
drawdown  and  adjust  line  tensions  to  minimize  the  dimensional 
differences  between  start  and  finish.  And,  by  measuring  the 
electrical  properties  of  the  wire,  it  is  possible  to  pinpoint 
assignable  causes  before  they  reach  threshold  levels.  Further,  by 
utilizing  Fast  Fourier  Transform  to  analyze  these  characteristics, 
the  predictability  of  Structural  Return  Loss  is  further  enhanced. 
The  end  result  is  a  decrease  in  cross  talk  and  an  increase  in 
electrical  bandwidth  capabilities. 

It  has  been  possible  for  many  years  to  measure  the  diameter  of 
the  copper  prior  to  the  insulation  step  during  the  production  of 
primary  data  wires.  However,  recent  refinements  in  inductive 
sensor  technology  and  signal  evaluation  have  permitted  the 
measurement  of  the  copper  diameter  through  the  insulation  in  a 
non-destructive  fashion. 

Keywords 

Drawdown;  Fast  Fourier  Transform;  Eddy  Current;  Structural 
Return  Loss;  Resistivity;  Capacitance;  ID;  Cross  Talk. 

1.  Introduction 

A  cost-critical  element  in  any  manufacturing  process  is  the 
detection  and  removal  of  the  causes  of  defects.  Locating  these 
assignable  causes  as  quickly  as  possible  will  result  in  materials 
savings  from  the  reduction  of  scrap  as  well  as  overall  process 
improvement.  In  the  manufacture  of  copper  data  communication 
cable,  the  more  advanced  the  product,  the  less  room  in  the 
process  for  assignable  causes.  For  example,  process  variations 
that  were  acceptable  for  Category  3  products  are  deemed 
unacceptable  for  Category  5,  6,  6e,  and  beyond.  Usually  these 
periodic  defects  manifest  themselves  as  Structural  Return  Loss  at 
higher  frequencies. 

For  many  years,  suppliers  of  measurement  instrumentation  to 
wire  and  cable  manufacturers  have  provided  the  industry  with 


the  means  to  measure  the  diameter  of  the  copper  prior  to  the 
insulation  step  during  the  production  of  primary  data  wires  for 
communication  cables.  However,  in  the  past,  the  inability  to 
once  again  measure  the  copper  diameter  through  the  insulation 
has  been  a  source  of  some  difficulty  in  the  removal  of 
manufacturing  causes  of  Structural  Return  Loss,  Cross  Talk,  and 
failure  to  meet  resistivity  specifications. 

2.  Why  measure  the  copper  conductor 
through  the  insulation? 

2.1  Detection  of  Defects 

Current  gauging  methods  have  enabled  the  manufacturer  to 
detect  various  assignable  causes,  especially  in  conjunction  with  a 
good  Structural  Return  Loss  prediction  software  package, 
utilizing  Fast  Fourier  Transform.  However,  due  to  the  fact  that 
the  last  location  the  copper  conductor  is  measured  is  usually 
directly  before  the  first  extruder,  some  subsequent  problems  that 
affect  conductor  OD  or  resistivity  and  capacitance  can  either  go 
undetected  or  become  very  difficult  to  remedy. 

2.2  The  Importance  of  Controlling  Drawdown 

During  the  insulating  process,  drawdown  can  occur,  which 
changes  the  dimensional  properties  of  the  copper  conductor. 
Subsequently,  an  alteration  in  the  dimensional  properties  equals 
a  change  in  the  resistivity  of  the  copper  conductor. 

However,  in  order  to  be  efficient  from  a  manufacturing 
standpoint,  one  would  want  to  run  the  production  line  at  the 
maximum  speed  possible  before  drawdown  commences.  By 
utilizing  the  means  to  measure  the  conductor  through  the 
insulation  material  and  subsequently  calculate  the  elongation  of 
the  conductor,  one  can  ascertain  precisely  at  what  speed  the 
drawdown  effect  is  commencing  to  occur. 

Measurement  of  Drawdown  Effect 


Figure  1.  Drawdown  of  the  Conductor 
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2.3  Ensuring  Performance  Criteria  is  Met 

There  are  three  common  performance  criteria  for  category  cables 
as  well  as  telephone  wires.  A  pair  capacitance  performance 
criterion  is  based  on  the  coaxial  capacitance  of  the  individual 
wires  of  the  pair.  A  pair  resistance  criterion  is  mainly  based  on 
the  resistance  of  the  individual  copper  wires  making  up  the  pair. 
And,  the  unbalance  to  ground  criteria  is  mainly  based  on  the 
diameter  and  coaxial  capacitance  of  the  individual  wires  making 
up  the  pair  and,  to  a  lesser  degree,  the  pairing  and  cabling  of  the 
wires. 


3.  A  New  Method  for  Non-Contact 
Measurement  of  Copper  Diameter 
Through  the  Insulation 

3.1  The  Methodology  of  this  Measurement 
System 

Recently,  new  technology  has  enabled  the  development  of  a 
gauge  that  makes  measurement  of  the  copper  diameter  through 
the  insulating  material  possible.  Eddy  current  technology  is 
utilized,  which  is  a  method  involving  electromagnetic  induction 
that  allows  for  non-destructive  testing.  This  unit  then  measures  a 
vector  (involving  current  and  voltage)  from  which  the  mass  or 
diameter  can  be  calculated,  which  affect  capacitance.  This  vector 
measurement  also  allows  for  the  calculation  of  wire. 

3.2  Utilization  of  Resistivity  Measurement 

However,  it  is  important  to  note  that  this  resistivity  measurement 
is  highly  temperature  sensitive  and  should  not  be  misconstrued 
as  the  specific  resistance  for  that  material  due  to  the  fact  that  the 
specific  resistance  can  only  be  calculated  when  the  copper 
temperature  is  known.  Specific  resistance  measurement  is 
usually  based  on  finished  product  that  has  cooled  to  room 
temperature.  However,  this  relative  resistivity  measurement  is 
still  vital.  Resistivity  increases  in  a  near-linear  fashion  in 
proportion  to  temperature.  By  watching  the  trending  of  said 
measurement,  one  can  analyze  and  prevent  changes  in  the 
cooling  process.  If  the  cooling  process  is  not  stable,  it  is  very 
likely  that  the  cold  product  will  not  be  within  specification. 
Since  category  product  is  wound  hot  on  the  take-up  reel,  issues 
with  the  cooling  process  can  become  critical.  The  copper 
temperature  affects  capacitance  and  diameter,  since  they  are 
related  to  the  thermal  expansion  of  copper  and  insulation.  Also, 
the  dielectric  constant  will  fluctuate  with  temperature. 

Fluctuations  in  resistivity  can  also  be  traced  to  issues  with  the 
annealing  process.  A  properly  annealed  wire  has  a  certain  level 
of  hardness  and  a  certain  resistance.  If  there  is  a  problem  with 
the  annealing,  a  change  in  resistivity  will  be  observed. 

Also,  tolerances  could  be  added  in  order  to  observe  the  in  process 
resistivity  of  the  copper  conductor. 

3.3  ID  Variation  Equals  Capacitance  Variation 

Even  minor  fluctuations  in  inner  diameter  affect  capacitance 
measurements.  Figures  2  and  3  illustrate  this  point  using 
category  6  product  as  an  example.  Even  a  slight  fluctuation  in  ID 


or  OD  can  cause  the  product  to  no  longer  be  within  specification 
for  capacitance. 
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Figure  2.  Effect  of  DOD  on  Capacitance  and 
Insulation  Weight  for  CAT-6 
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Figure  3.  Effect  of  Conductor  Diameter  on 
Capacitance  and  Insulation  Weight  for  CAT-6 


3.4  Features  of  this  Measurement  System 

An  instrument  utilizing  the  above  mentioned  technology  would 
offer  precise  measurement  of  conductor  diameter  and  resistivity. 
It  also  would  be  connectable  to  a  processor  unit  enabling  overall 
process  control  in  conjunction  with  other  on-line  gauging 
equipment.  It  is  also  important  to  note  that,  unlike  other 
diameter  measurement  devices,  any  type  of  liquid  film  on  the 
conductor  surface  would  not  affect  measurements.  At  present, 
this  unit  is  available  for  diameter  ranges  from  .016  in.  to  .035  in. 
(0.4  mm  to  0.9  mm)  copper  OD.  Line  speed  is  also  not  a  factor 
for  instrumentation  operation.  The  conductor  temperature  range 
should  be  between  32°F  and  203°F  (0°C  and  95°C  for  optimum 
operation.  And,  by  utilizing  inductive  principles,  the  accuracy  of 
the  copper  diameter  measurement  varies  less  than  plus  or  minus 
0.2  percent  while  resistance  measurement  repeatability  is  plus  or 
minus  0.9%  or  less  than  the  effect  of  a  1°F  change  of 
temperature. 
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4.  Benefits  that  Can  Be  Derived  from 
Measurement  of  the  Conductor  through 
the  Insulation 

4.1  Successful  operation  at  high  line  speeds 

It  is  important  to  be  able  to  successfully  monitor  the  copper 
diameter  at  the  end  of  the  line  and  observe  indicators  of 
excessive  drawdown.  By  conducting  such  observations,  one  can 
make  corrections  before  scrap  cable  is  produced,  thus  resulting  in 
significant  materials  cost  savings  while  producing  a  highly 
uniform  product. 

Another  advantage  is  that,  through  observation  and 
experimentation,  one  will  be  able  to  operate  at  the  highest 
possible  line  speed  without  affecting  the  quality  of  the  product. 
Production  efficiency  will  be  increased  drastically.  This 
instrument  is  a  process  tool  that  will  allow  the  user  to  find  the 
optimum  line  speed  for  each  product.  It  can  also  be  utilized  as  a 
means  to  locate  speed-limiting  components  of  the  line. 

4.2  Consistent  Wire  Parameters 

Being  able  to  monitor  the  conductor  throughout  the  process 
results  in  more  consistent  wire  parameters.  Better  transmission 


characteristics  are  the  result  of  a  constant  category  production 
process.  It  is  important  to  monitor  the  conductor  during 
manufacture  so  that  the  acquired  information  can  be  correlated  to 
capacitance  and  diameter  data  also  acquired  on  line.  Thus  the 
need  for  off-line  bench  measurements  of  diameter  and 
capacitance  is  substantially  minimized. 

5.  Conclusion 

By  being  able  to  measure  before  and  after  the  insulation  process, 
drawdown  can  be  determined  and  subsequently,  tension  and/or 
line  speed  can  be  adjusted  to  control  this  effect.  This  tool  can 
also  be  used  to  help  locate  causes  of  Structural  Return  Loss  in 
conjunction  with  the  aforementioned  Fast  Fourier  Transform  / 
Structural  Return  Loss  prediction  package.  By  utilizing  this 
instrument,  cross  talk  problems  can  be  reduced  and  electrical 
bandwidth  increased. 

The  correction  of  all  the  aforementioned  issues  result  in  cost 
savings  and  scrap  elimination.  Also,  as  tolerances  become  more 
and  more  critical  for  Category  cable  manufacturers,  the  need  to 
have  optimal  control  of  the  process  is  paramount. 
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Abstract 

In  order  to  implement  FTTC  for  residential  area,  there  are  many 
issues  to  be  considered  such  as  ONU  installation  site,  ONU 
coverage,  powering  options  for  ONU,  environmental  controlled 
outdoor  cabinet  technologies  and  so  on.  This  paper  presents 
powering  solution  for  broadband  passive  optical  network  (B-PON) 
with  small  capacity  ONUs  that  will  be  installed  in  residential  area 
and  composite  fiber/copper  cable.  The  composite  cable  having 
optical  fiber  and  copper  conductor  in  one  cable  enables  reduced 
installation  cost  and  improved  service  operations  and  maintenances 
in  shared  feeding  system.  In  accordance  to  the  shared  feeding  system 
configuration,  three  types  of  composite  fiber/copper  cable  have  been 
herein  designed.  The  copper  conductor  with  its’  outside  diameter  of 
0.65mm  providing  the  output  power  feed  of  up  to  400  meters  has 
been  selected  and  general  single  mode  fiber  corresponding  to  KT 
standard  has  been  applied  for  the  design.  Loose  tube  type  structure 
having  advantages  for  relatively  high  fiber  count  and  easy  midspan 
access  has  been  adopted,  and  the  32-fiber  cable  was  designed  to 
have  three  layers  of  stranded  core.  The  composite  fiber/copper  cable 
containing  32  optical  fibers  and  1 8  copper  pairs  to  enable  power 
supply  and  optical  transmission  for  32  ONUs  with  one  pair  of  cable. 
Also  the  buffer  tubes  are  placed  on  outer  end  layer  to  facilitate  its’ 
access  to  the  fiber  in  midspan  access.  The  composite  cable  was 
confirmed  that  the  cable  is  in  compliance  with  KT  standard  for  its’ 
mechanical  and  environmental  characteristics. 

Keywords 

FTTC;  composite  cable;  fiber/copper  cable;  shred  powering;  ONU 

1.  Introduction 

Optical  access  networks  have  been  evolved  in  response  to  meet  the 
customers  emerging  demands  for  broadband  services.  There  was  a 
rapid  growth  in  Korean  broadband  market.  According  to  Korea 
Network  Information  Center  or  KRNIC,  the  number  of  broadband 
service  subscribers  is  about  9.2  million,  by  June  2002  and  it  will 
exceed  10  million,  about  70%  of  total  14.5  million  households,  by 
October  2002  [1], 

FTTB  for  business  building  had  been  mature  and  FTTC  for  densely 
populated  apartment  complex  (FTTC- A)  has  been  widely  deployed 
since  last  year.  For  residential  users,  however,  broadband  services 
were  delivered  only  by  existing  copper  subscriber  lines  from  central 
office.  Now  it’s  time  to  deploy  FTTC  for  residential  area  or  FTTC-R 
to  improve  quality  of  broadband  service. 


2.  Shared  Powering  System 

2.1  Implementation  Strategies  for  FTTC-R 

As  the  result  of  surveying  existing  copper  distribution  network,  we 
define  the  concept  of  ODP  (Optical  Distribution  Point)  in  order  to 
deploy  FTTC-R  as  shown  in  figure  1.  According  to  its  subscriber 
capacity,  each  ODP  can  be  implemented  by  among  these  outdoor 
cabinets  as  follows;  BB(Broadband)-Shelter,  BB-Cabinet  and  BB- 
Box  whose  maximum  capacities  are  2400,  900  and  30  lines, 
respectively.  These  ODPs  will  be  implemented  in  consideration  of 
installation  environment  and  features  of  copper  access  network. 
Each  ODP  comprises  ONU  (Optical  Network  Unit),  powering 
equipments,  copper  cross-connection  modules,  fiber  box  and  so  on. 


Figure  1.  Deployment  strategy  for  FTTC-R 

Characteristics  of  residential  area  in  Korea 

In  order  to  deploy  FTTC  for  residential  areas,  fiber  distribution 
networks  such  as  broadband  passive  optical  network  or  B-PON 
that  is  considered  as  the  most  effective  broadband  access  platform 
have  to  be  additionally  installed.  The  concentration  ratio,  defined 
as  the  number  of  subscribers  per  100m2  area,  in  residential  area  is 
about  100  to  150.  It  is  very  high  and  similar  to  that  of  MDU(multi 
dwelling  unit)  such  as  apartment  complex.  This  densely  populated 
residential  area  makes  it  feasible  to  implement  a  1:32  B-PON 
comprises  an  ODP  and  32  ONU30s  accommodating  1000 
customers  within  250m2  area.  When  we  consider  existing  copper 
infrastructure  and  subscriber  distribution,  above  serving  area  can 
be  varied. 

The  ODP  where  optical  splitter,  power  supply  system  and  back-up 
batteries  are  located  feeds  power  and  transmits  optical  signal  to 
each  ONU. 
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2.2  Designing  Sheared  Powering  System 

The  shared  powering  system  the  ONU  is  one  of  the  most  issues  in 
deploying  FTTC[2].  In  case  of  BB-Shelter  and  BB-Cabinet,  each 
ODPs  are  powered  by  individual  local  power  source.  For  BB- 
Box,  however,  we  concluded  that  shared  powering  method,  each 
power  node  remotely  feeds  several  ONUs,  is  the  appropriate 
power  feeding  architecture.  Figure  2  shows  configuration  of 
SHARP-system  (shared  powering  system).  SHARP-cabinet  is 
outdoor  cabinet  where  SHARP-power  supply,  backup  batteries 
and  PON  splitter  are  located  in.  SHARP-power  supply  rectifies 
commercial  power  and  provides  power  to  maximum  32  BB- 
Boxes.  At  the  final  stage  of  the  system,  DC/DC  converter  in  ONU 
feeds  powers  to  each  system  shelf.  Backup  batteries  are  only 
located  in  the  SHARP-cabinet  for  easy  maintenance  and  savings 
in  installation  space  and  cost.  SHARP-cable  is  composite  cable 
that  composed  of  power  feeding  copper  pairs  and  single  mode 
fibers.  The  management  system,  called  SHARP-DM2,  which 
stands  for  design,  management  and  monitoring  manages 
conditions  of  power  and  environment  and  optical  fiber 
information. 


Figure  2.  Configuration  of  SHARP-system 

Design  criteria-Shared  powering  system 

In  order  to  deploy  appropriate  powering  architecture  for  FTTC-R, 
there  are  many  factors  to  be  considered  as  follows; 

•  PON  splitting  ratio,  i.e.  number  of  ONU  that  be  fed  by  each 
power  node 

•  ONU  serving  capacity 

•  ONU  power  consumption 

•  Maximum  power  feeding  distance 

•  Backup  capacity 

•  Voltage  drop  at  power  feeding  copper  pair 

•  Number  of  required  core  for  each  ONU 

•  Diameter  of  power  feeding  copper  pairs 

SHARP-power  supply 

From  the  consideration  ONU  power  consumption,  feeding 
distance  and  power  feeding  cable,  we  developed  power  supply 
system  comprises  four  2.5kW-rectifying  modules.  Power  supply 
system  has  the  following  specifications: 

•  Rated  input  voltage:  220Vac,  single  phase 


•  Maximum  output  current:  50A  (10kW@200Vdc) 

•  Rated  output  voltage:  200Vdc,  CVF  type 

•  Protections:  Over-voltage,  over-current,  over-temperature 
and  battery  over-charging 

•  n+1  parallel  operation  for  redundant  powering 

•  Back-up:  3  hours  supplied  by  fifteen  50AH  sealed  lead  acid 
batteries 

•  Temperature  compensating  battery  charging 

The  SHARP-power  supply  rectifies  commercial  power  and 
provides  power  up  to  32  ONUs  by  constant  voltage  feeding 
(CVF).  At  the  final  stage  of  the  system,  DC/DC  converter  in  ONU 
feeds  powers  to  each  shelf.  Back-up  batteries  are  only  located  in 
the  ODP  for  easy  maintenance  and  savings  in  installation  space 
and  cost. 

3.  Fiber/Copper  Composite  Cable 

A  Composite  cable  with  optical  fibers  for  broadband  signal  and 
copper  conductors  for  electrical  power  enable  cost  down  of 
installation  and  integrated  system  operation  and  management^]. 

Those  factors  as  follows  should  be  taken  into  consideration  for 
design  the  composite  cable.  For  the  optical  cable,  composite  cable 
can  contain  sufficient  count  of  optical  fibers  and  copper  pairs  in 
appropriate  outer  diameter  in  order  to  supply  power  and  optical 
signals  to  32  ONUs.  From  the  viewpoint  of  frequent  midspan  access 
of  the  shared  power  feeding  system,  composite  cable  should  have 
structures  supporting  easy  fiber  access.  There  should  be  no  optical 
characteristic  decrease  that  may  be  caused  by  the  stress  from 
stranded  copper  and  the  structure  should  have  the  equal  optical 
characteristics  as  that  of  conventional  optical  cables. 

For  the  copper  cable,  the  power  of  200Vdc  can  be  supplied  up  to 
400  meters  and  other  components  of  cable  should  not  be  damaged 
from  the  heat  generated  on  copper  as  the  power  feeds.  Also  the 
power  of  copper  cable  should  be  taken  into  consideration  to  avoid 
leakage  to  communication  system. 

3.1  Design  of  Composite  Fiber/Copper  Cable 

3.1.1  Fibers  and  Conductors  Count 

The  composite  fiber/copper  cable  has  been  developed  as  an 
application  for  PON  network.  Accordingly  subscriber  structure 
considerably  effects  to  the  count  of  fiber  of  conductors  in  the  cable, 
and  it  can  vary  at  the  requirement  of  transmitting  system.  Hence  the 
study  assumed,  when  the  structure  of  subscriber  network  is  as 
shown  in  Figure  3,  that  the  cable  is  applied  all  the  way  to  ONU  from 
the  optical  dividing  point  where  optical  splitter  meets  optical  cable 
that  was  withdrawn  from  optical  trunk  line. 

As  indicated  on  the  Figure  3  one  pair  of  cables  supports  32  ONUs  in 
common  and,  when  one  ONU  is  considered  having  two  optical 
fibers  and  one  pair  of  coppers  are  provided,  main  distributing  cable 
comprises  32  optical  fibers  and  18  pairs  of  coppers  including  2  pairs 
of  spare  copper  conductors.  The  cable  that  is  finally  led  into  ONU 
located  in  residential  area  becomes  the  system  composed  of  two 
optical  fibers  and  3  pairs  of  coppers  including  spare  one  pair  of 


International  Wire  &  Cable  Symposium 


565 


Proceedings  of  the  51st  IWCS 


coppers  and  one  pair  of  ONU  monitoring  coppers.  In  the  same  way, 
auxiliary  distribution  cables  with  16  optical  fibers  and  10  pairs  of 
copper  can  be  designed. 


Cable  #3 


Cable  #1:  32F+18Pair 
Cable  #2: 16F+10Pair 
Cable  #3:  32F+3Pair 

Figure  3.  Distribution  Structure  of 
subscriber  network 


the  tube  with  considering  both  above  explained  characteristics 
together. 

3.2  Manufacturing  Composite  Fiber/copper  Cable 

The  composite  cable  has  been  made  under  same  conditions  as 
conventional  loose  tube  type  optical  cable.  Optical  tube  units  were 
stranded  around  the  central  strength  member.  Outer  dielectric 
strength  member  and  polyethylene  jacket  were  applied  around  the 
core.  Figure  4  shows  construction  of  the  manufactured  composite 
cables.  And  Table  1  shows 


Table  1.  Construction  of  the  Composite  Cable 


Item 

#1 

#2 

#3 

Fiber  Count 

2 

16 

32 

Copper 

Conductors 

22AWG 

3  Pair 

22AWG 

10  Pair 

22AWG 

18  Pair 

Outer  Diameter 

12.7  mm 

18.5  mm 

23.7  mm 

Cable  Weight 

140  kg/km 

310  kg/km 

510  kg/km 

2  Fibers  &  3  Copper  Pairs 


3.1.2  Cable  Core  Structure 

The  study  applied  a  structure  that  composite  fiber/copper  cable  has 
the  loose  tubes  including  optical  fibers  and  coppers  being  stranded 
around  dielectric  central  strength  member  in  multi-layer.  It  is 
advantageous  when  gathered  part  and  reverse  part  of  optical  fiber 
tubes  and  coppers  are  displaced  alternatively  in  order  to  enable  easy 
midspan  access.  Central  tube  type  composite  cable  had  to  remove 
the  copper  layer  gathered  outside  to  access  necessary  optical  fiber 
for  midspan  access.  This  newer  composite  cable  improves  working 
efficiency  due  to  enabling  the  access  to  the  necessary  optical  fiber 
without  any  removal  for  copper  layer  by  disclosing  optical  fiber 
tubes  on  the  outer  most  layer  of  core,  and  it  also  reduces  stresses  to 
optical  fiber  tube  from  stranded  coppers. 

3.1.3  Buffer  Tubes  and  Copper  Conductors 

The  diameter  of  copper  conductors  was  set  to  22AWG(0.65mm 
outer  diameter)  in  consideration  of  power  transmission  length  of 
200Vdc  to  the  up  to  400  meters  and  proper  stiffness  to  handle  the 
cable.  Resistance  requirement  for  copper  was  set  less  than  56.50/km 
in  accordance  with  KT  standard.  The  copper  was  coated  with 
polyethylene  with  the  thickness  of  0.8mm  in  accordance  with  the 
standard  for  polyethylene  insulation,  KSC3330.  The  optical  fiber 
tube  was  made  of  PBT  materials  with  outer  diameter  of  2.25mm  that 
is  the  same  as  sheathed  copper.  In  order  to  prevent  deformations  of 
tube  that  may  be  caused  from  outside  forces,  increased  tube 
thickness  is  integral,  or  on  the  contrary,  in  order  to  improve  tensile 
window  that  resists  thermal  variation  and  tensile  force  applied  from 
installation,  it’s  necessary  to  reduce  tube  thickness  and  increase  its’ 
inner  diameter.  The  study  has  decided  1.4mm  for  inner  diameter  of 


Copper  Conductors 
Strength  Members 
Optical  fibers 
PE  Jacket 


16  Fibers  &  10  Copper  Pairs 

Optical  Fibers 
Copper  Conductors 
Strength  Members 
PE  Jacket 

32  Fibers  &  18  Copper  Pairs 


Copper  Conductors 
Strength  Members 
Optical  Fibers 
PE  Jacket 


Figure  4.  Cross-sectional  View  of  the 
Composite  cables 
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3.3  performance  of  the  Composite  Cable 

The  previously  manufactured  composite  cable  showed  favorable 
characteristics  in  aspect  of  optical  loss  with  below  0.35  dB/km  at 
1310nm  wave  and  below  0.21  dB/km  at  the  wave  of  1550nm. 
Conductor  resistance  of  the  copper  was  below  52.3  QAm  in  average 
and  maximum  52.8  a/km,  and  its’  insulation  resistance  was 
measured  as  above  240,000  MQ.km.  The  characteristics  of  dielectric 
strength  showed  stable  result  in  DC  2200V/lmin.  test. 

The  mechanical  and  environmental  characteristics  was  tested  in 
accordance  with  KT  Standard  and  GR-20-CORE  and  the  result 
showed,  as  indicated  in  Table  2,  same  properties  of  conventional 
loose  tube  cable. 


Table  2.  Characteristic  of  the  Composite  Cable 


j|  Parameter 

Test  condition 

Results 

Tensile  Strength 

#1 :270  kg 
#2: 310  kg 
#3: 510  kg 

Pass 

Impact  Resistance 

#1:2  kg 
#2:  3  kg 
#3:  5  kg 

Pass 

Compression  Strength 

220  N/cm 

Pass 

Cable  Twisting 

lOcycles  ±  360°C 

Pass 

Repeated  Bending 

20x  Diameter 

Pass 

Temperature  Cycling 

30°C~70°C 

Pass 

Water  penetration 

1m  static  head, 
lm  length 

Pass 

4.  Deploying  Shared  Powering  System 

SHARP-cabinet 

SHARP-cabinet  contains  backup  batteries,  management  agent,  PON 
splitter,  fiber/copper  distribution  compartment,  and  large  capacity 
rectifier,  namely  SHARP-power  supply.  It  also  contains  ONU 
whose  height  is  up  to  8U,  if  necessary. 

SHARP  DM2-Design,  Management  &  Monitoring 

Since  each  SHARP-system  comprise  up  to  32  ONUs,  the  maximum 
subscribers  covered  by  each  SHARP-system  are  960. 

Consequently,  we  needed  to  develop  an  extra  management  system 
for  power  and  environment  in  addition  to  the  EMS(element 
management  system)  of  the  ONU  in  order  to  provide  reliable 
services.  The  developed  prototype  management  system  also  has  the 
two  other  functions  including  design  and  management  for  SHARP- 
system.  Its  key  features  and  benefits  are  as  follows,  which  is  shown 
in  Figure  5; 

•  Monitoring  the  electrical  and  environmental  conditions  for 
SHARP-power  supply  and  SHARP-cabinet,  respectively 

•  Automated  network  planning  and  calculation  of  deployment 
cost 


•  Management  of  fiber  core  information,  splice  information, 

outside  plant  facilities  such  as  hand-hole,  manhole,  pole  and  so 
on. 

SHARP-DM2,  provides  above  functions  via  web-based  remote 
access. 


■hum'  mm 

<Sharp#Design>  <Sharp#Management> 

<Sharp#Monotoring> 

Figure  5.  Management  and  Monitoring 
System  of  Shared  Powering  System 

5.  Conclusions 

There  are  many  factors  to  be  considered  such  as  system  types, 
system  capacity,  installation  site,  ONU  powering  issue  and  so  on 
when  implementing  optical  access  networks.  Among  other  things, 
powering  the  small  capacity  ONU  that  will  covers  less  than  30 
lines  is  one  of  important  issues  in  deploying  FTTC.  After 
investigating  the  network  characteristics  of  residential  area,  we 
concluded  that  shared  powering  method,  each  remote  power  node 
feeds  several  ONUs,  is  the  appropriate  power  feeding  architecture 
for  B-PON  deployment  in  residential  area.  We  developed  power 
supply  system,  composite  cables,  street  cabinet  and  management 
system  for  shared  powering  architecture  and  they  showed  reliable 
test  results.  The  fiber/copper  composite  cable  with  maximum  32 
optical  fibers  and  18  pairs  of  copper  could  effectively  support  the 
shared  feeding  system  providing  power  from  one  power  supply  to 
32  ONUs  in  the  scope  of  400  meters.  Also,  since  the  Composite 
Cable  has  advantageous  structure  to  access  optical  fibers,  it  is 
expectable  that  the  consuming  time  for  midspan  access  can  be 
saved. 
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Abstract 

We  have  developed  a  non-halogen  highly  flame-retardant 
optical  cord  for  use  in  intra-  and  inter-apparatus  cabling.  The 
jacketing  material  of  this  cord  is  a  halogen-free  flame-retardant 
(HFFR)  polymer.  The  cord  has  an  outer  diameter  of  2-mm  and 
complies  with  UL  VW-1  standards.  Performance  of  the  developed 
cord  is  comparable  to  that  of  the  conventional  PVC-jacketed 
optical  cord. 

Keywords 

Halogen  Free;  Flame  Retardant;  Optical  Fiber  Cord 

1.  Introduction 

With  the  increased  use  of  optical  fibers  in  subscriber 
communications  systems,  the  demand  for  optical  fiber  cords  for 
intra-  and  inter-apparatus  cabling  is  expected  to  grow  in  coming 
years.  Currently,  PVC  (Polyvinyl  Chloride,  a  polymeric  material) 
is  typically  employed  in  the  manufacture  of  the  jacketing  material. 
In  terms  of  environmental  conservation,  the  jacketing  material  of 
optical  cords  are  expected  to  be  highly  flame-retardant,  to  offer 
reduced  emissions  of  toxic  gases  when  incinerated,  and  to 
minimize  the  contamination  of  water  and  soil  with  hazardous 
elements  when  disposed  of  as  waste.  In  response  to  these 
requirements,  we  have  developed  a  technique  to  replace 
conventional  jacketing  material  with  a  HFFR-polymer.  The  main 
component  of  the  flame  retardant  adopted  in  the  HFFR-polymer  is 
a  hydrate  of  light  metals  that  is  harmless  to  plants  and  animals. 
This  material  is  ecologically  safe  and  does  not  emit  toxic  gases 
when  incinerated;  nor  does  it  contaminate  water  and  soil  with 
hazardous  elements  when  disposed  of  in  landfills. 

2.  Structure  of  Prototype  Cord 

Figure  1  illustrates  the  structure  of  the  <|>2-mm  optical  fiber-cord 
we  constructed.  Aramid  yam  serving  as  a  strength  member  is 
applied  longitudinally  to  the  <j)0.9-mm  single-mode  buffered  fiber, 
and  the  jacketing  material  is  coated  on  the  external  surface, 
resulting  in  an  optical  cord  with  an  outer  diameter  of  2-mm.  The 
jacketing  material  is  composed  of  a  HFFR  polymer  containing  a 
flame  retardant  whose  main  component  consists  of  an  inorganic 
metal  hydrate. 


Buffered  Fiber  (<j)  0.9mm) 

Strength  Member 
(Aramid  Yam) 

Jacketing  material 
Halogen-Free  Flame-Retardant 
(HFFR)  Resin  <(>2-mni 

Figure  1.  Cross-Sectional  Structure  of  Prototype  Cord 

3.  Flammability  of  cord  components 

We  tested  the  flammability  of  the  conventional  PVC  cord  in 
order  to  acquire  the  basic  data  for  the  construction  of  a  halogen- 
free  cord.  The  flammability  of  each  of  the  three  components— 
jacketing  material,  strength-member,  and  buffered  fiber  was 
determined  using  a  cone  calorimeter.  Cone  calorimeter  is  used  to 
measure  the  rate  of  heat  generation  and  the  amount  of  heat 
generated  when  a  specimen  is  burned  in  a  cone-shaped  heater 
(shown  in  Figure  2).  This  is  a  highly  useful  measure  of  the 
combustion  properties  of  a  specimen.  The  quantities  of  component 
materials  for  this  measurement  were  equivalent  to  those  in  a  cord 
one-meter  long.  Figure  3  shows  the  flammability  of  each 
component  (for  comparison,  the  flammability  of  the  cord  itself  is 
shown  in  this  Figure).  The  following  results  were  obtained. 


Exhaust  gas  damper 


Cone  heater 

"  Ignitor 
Specimen 

Load  cell 


Figure  2.  Schematic  Structure  of  the  Cone  Calorimeter 
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Figure  3.  Heat  Generation  Speed  of  each  Component  of  the  Cord 

The  Peak  top  value  of  generated  heat  of  the  jacketing 
material  was  approximately  half  as  high  as  that  of  the  buffered 
fiber. 


Figure  4.  Heat  Generation  Speed  of  each  Materials 


We  noted  the  above  point  during  development  of  the 
halogen-free  cord.  Following  are  descriptions  of  the  selection  of 
the  jacketing  material  and  of  the  process  of  improving  the  flame 
resistance  of  the  buffered  fiber. 

4.  Improvement  of  the  Flame  Resistance  of 
each  Component 

4.1  Selection  of  the  Jacketing  Material 

The  properties  of  three  non-halogen  polyolefin  resins  of 
different  flame-resistance  levels  were  investigated  for  comparison. 
Table  1  lists  the  typical  properties  of  the  jacketing  material,  while 
Figure  4  shows  the  heat  generation  speed  of  each  component, 
which  had  been  formed  into  sheets,  by  a  cone  calorimeter.  (For 
comparison,  the  flammability  of  PVC  is  shown  in  this  Figure) 
Then  we  selected  material  C,  which  featured  a  high  01  value  and  a 
low  heating  rate,  expecting  that  this  material  would  show  the 
highest  flame  resistance.  [*1] 


Table  !.  Typical  Properties  of  the  Jacketing  Material 


Item 

A 

B 

C 

O.I(Oxygen  Index/ASTM  D  2863) 

39 

44 

53 

Peak  top  value  of  generated  heat(kW/m2) 

234 

175 

161 

Breaking  Strength(MPa) 

13.2 

11.5 

9.3 

Breaking  Elongation(%) 

630 

130 

200 

Breaking  Strength  Retention  rate  (%) 

After  90°C48hr 

93 

102 

103 

Breaking  Elongation  Retention  rate  (%) 
After  90°C48hr 

102 

104 

125 

4.2  Improvement  of  the  Flame  Resistance  of 
the  Buffered  Fiber 

Polyester-elastomer  was  employed  as  the  base  material 
because  it  had  an  appropriate  flexural  modulus  and  featured  high 
reliability  in  transmission.  Two  types  of  inorganic  non-halogen 
flame  retardants  (I  and  II)  were  employed  in  this  experiment.  The 
three  test  buffered  fibers  (a,  b,  and  c)  included  I  alone,  II  alone, 
and  both  I  and  II,  respectively.  Table  2  shows  the  combustion  test 
results  for  the  buffered  fibers.  The  combustion  test  conformed  to 
UL  VW-1  Vertical  Combustion  Test  Standards.  All  the  buffered 
fibers  failed  the  test.  Although  c  did  not  pass  the  test,  we  selected 
c  because  it  showed  higher  flame  resistance  (due  to  the  synergistic 
effect  of  flame  retardants  I  and  II).  For  comparison,  the  test  results 
of  core  d  (featuring  a  halogen-type  flame  retardant)  are  also 
shown. 


Table  2.  Combustion  Test  Results  of  the  Buffered  Fibers 


Type 

Flame  Retarder 

Combustion  of 
Indicator-Flag  Cotton 

a 

I 

no  fired 

fired 

b 

II 

fired 

no  fired 

c 

I  +  II 

no  fired 

2/10  fired 

d 

Halogen 

no  fired 

no  fired 
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5.  Combustion  Test  for  the  First  Prototype 
Cord 

We  conducted  a  VW-1  combustion  test  on  a  cord  using 
jacketing  material  C  and  buffered  fiber  c  selected  as  discussed  in 
Section  4.  In  order  to  clarify  the  differences  in  the  flammability  of 
the  buffered  fiber,  we  conducted  the  same  combustion  test  on  the 
cords  using  a  flammable  buffered  fiber  and  using  a  halogen-type 
VW-1  buffered  fiber.  As  shown  in  Table  3,  all  the  cords  failed  the 
test.  And  as  shown  in  Figure  5,  the  Peak  top  value  of  generated 
heat  of  the  PVC-jacketing  material  cord  was  smaller  than  that  of 
the  HFFR-jacketing  material  cords.  It  thus  proved  difficult  to 
manufacture  a  flame-retardant  cord  by  merely  improving  the 
flame  resistance  of  the  jacketing  material  and  buffered  fiber.  Thus 
we  focused  on  the  remaining  aramid  yam  as  a  strength  member. 

Table  3.  Combustion  Test  Results 


for  the  First  Prototype  Cords 


Jacketting 

Material 

Type 

Buffered  Fiber 

Combustion  of 

Indicator-Flag  Cotton 

C 

c 

fired 

no  fired 

C 

flammable 

fired 

no  fired 

c 

d  (halogen) 

fired 

no  fired 

Tine  sec 


Figure  5.  Heat  Generation  Speed  of  Various  Cords 

6.  Improvement  of  the  Flame  Resistance  of 
the  Aramid  Yarn 

We  tried  to  improve  the  flame  resistance  of  the  aramid  yam 
coated  with  a  flame  retarder.  Figure  6  shows  the  flammability  of 
this  coated  yam.  The  difference  attributable  to  the  presence  or 
absence  of  the  coating  is  also  shown  for  comparison.  As  shown  by 
the  heating  value,  heating  rate,  and  heating  peak  height,  the  flame- 
retardant  coating  on  the  strength  member  yam  significantly 
improved  flame  resistance. 


Figure  6.  Heat  Generation  Speed  of  the  Aramid  Yarn 


7.  Combustion  Test  for  the  Second  Prototype 
cord 

We  fabricated  prototype  cords  using  the  aramid  yam  coated 
with  a  flame  retardar.  Table  4  shows  the  results  of  the  VW-1 
combustion  test  for  the  fabricated  cords.  Regardless  of  whether 
the  buffered  fiber  was  flame  retardant  or  not,  the  cords  passed  the 
test.  Figure  7  shows  the  heat  generation  speed  of  the  cords.  Thus, 
the  aramid  yam  coated  with  a  flame-retardar  played  a  role  as  a 
heat  insulation-layer.  It  would  be  surmised  that  the  strength 
member  coated  with  a  flame  retarder  decreased  the  heat 
generation  speed  of  the  buffered  fiber.  Then  we  determined  the 
various  properties  of  the  stable  cord  whose  buffered  fiber  is 
flammable. 


Table  4.  Combustion  Test  Results 
for  the  Second  Prototype  Cords 


Buffered  Fiber  Type 


c 

flammable 

Combustion-Time  sec 

35.6 

39.4  at  first  ignition 

Combustion-Length  mm 

133 

140  at  first  ignition 

Indicator-Flag 

no  fired 

no  fired 

Cotton-Flame 

no  fired 

no  fired 
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Table  5.  Table  of  Evaluation  Results 


Figure  7.  Heat  Generation  Speed  of  the  Second  Prototype 
Cord  with  Flammable  Buffered  Fiber 


8.  Evaluation  of  the  Final  Prototype  Cord 

We  has  fabricated  the  final  prototype  cord,  shown  in  figure  8, 
and  evaluated  its  initial  properties  and  long-term  reliability! 
Changes  in  transmission  loss  during  fabrication,  temperature 
cycling  test,  lateral-pressure  test,  and  bending  test  were  examined 
to  evaluate  the  initial  properties  of  the  cord.  The  cord  showed 
excellent  results  in  all  performance  tests,  suggesting  no  potential 
problems  in  practical  use.  To  evaluate  long  term-  reliability  of 
transmission  loss,  we  conducted  high  temperature-test 
(85°Cx2000hr),  wet  heat  test  (60°Cx95%RHx2000hr),  and  low 
temperature-test  (-40°Cx2000hr)  on  the  cord.  The  level  of 
transmission  loss  in  the  selected  cord  proved  to  be  stable  over  a 
long  period  of  time.  Table  5  summarizes  the  test  results.  As  an 
example,  Figure  9  shows  a  wet  heat  characteristic  graph  of  the 
cord. 


Buffered  Fiber  (<J>  0.9-mm) 

Flammable 

Aramid  Yam  (as  a  Strength  Member) 
coated  with  a  Halogen-Free  Flame 
Retarder 

Jacketing  Material 
Halogen-Free  Flame-Retardant 
(HFFR)  Resin  (f)2-mm 

Figure  8.  Cross-Sectional  Structure  of  Final  Prototype  Cord 


Test  Item 

Method  and  Condition 

Results 

Combustion 

UL1581  VW-1 

Passed 

Temperature 
Cycling  I 

-20°C  to  +60°C  x  3cyc. 

<0.1  dB/km 

Temperature 
Cycling  II 

-40° C  to  +85°C  x  3cyc. 

<0.1  dB/km 

Bending 

R20mm  x  6  turn 

<0.01  dB 

Lateral  Pressure 

19.6  N/mm 

<0.01  dB 

High  Temperature 

+60°C  x  2000hr 

<0.1  dB/km 

Low  Temperature 

-20°C  x  2000hr 

<0.1  dB/km 

Wet  Heat 

+60°Cx95%RHx  2000hr 

<0.1  dB/km 

Measurement  Wavelength:  1.55pm 


! 

01  L  .  ‘ . - . -  •  . -L- . . .U _ I 

0  500  1000  1500  2000  2500  3000 

Tine  hr 


Figure  9.  Wet  Heat  Performance  of  <j)2-mm  Cord 

9.  Conclusions 

We  have  developed  a  4>2-mm  optical  cord  using  a  non¬ 
halogen  flame-retardant  material.  This  cord  meets  UL  VW-1  Test 
standards.  The  prototype  cord  features  excellent  characteristics 
with  no  problems  in  practical  use.  The  flame  resistance  of  the  cord 
can  be  considerably  improved  by  coating  the  aramid  yam  with  the 
flame  retarder.  The  flame  resistance  of  the  buffered  fiber  has  little 
impact  on  the  flame  resistance  of  the  cord  itself. 
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Abstract 

We  have  developed  flame-retardant  halogen-free  fiber  optic  cords 
with  a  shrink-free  jacket,  using  simpIex(<f>2.8mm)cords.  We  have 
devised  a  new  method  to  ensure  that  the  jacket  is  shrink-free.  The 
new  method  of  cord  manufacture  has  been  optimized  so  as  to 
minimize  residual  stress  produced  by  extrusion.  Sirtxsequent 
shrinkage  of  the  jacket  may  be  nearly  eliminated  by  this  method. 
As  a  result,  post-annealing  becomes  unnecessary  when  assembling 
connectors  with  the  cord.  Thanks  to  this  shrink-free  jacket,  optical 
attenuation  increase  of  the  Simplex  cord  at  low  temperatures  has 
been  significantly  reduced.  We  have  also  made  sure  that  the 
Simplex  cord  displays  excellent  mechanical  and  flame-retardant 
properties. 

Keywords 

shrink-free;  halogen-free;  flame-retardant;  jacket 

1.  Introduction 

Conventionally,  the  primaiy  jacket  material  for  flame-retardant 
optical  cords  has  been  PVC.  Recently,  the  development  of  a 
halogen-free  jacket  of  the  cord  required  from  the  viewpoint  of 
environmental  conservation.  However,  significant  stress  remains  in 
the  common  flame-retardant  halogen-free  jacket  after  it  has 
experienced  the  usual  extrusion.  Such  a  jacket  is  likely  to  shrink 
after  extrusion.  A  number  of  techniques  have  been  proposed  to 
prevent  such  post-shrinkage.  For  example,  polycarbonate  has  been 
embedded  in  the  cord  by  co-extrusion,  functioning  as  a  melt 
filament  reinforcement  (MFR)[1J.  Nevertheless,  none  of  the 
proposed  post-shrinkage  solutions  has  proven  effective  to  result  in 
convenient  connector  coupling  at  low  cost. 

When  the  cord  is  assembled  with  connectors,  the  fiber  may  bend 
due  to  post  shrinkage,  often  resulting  in  increased  attenuation. 
Occasionally,  the  cord  must  be  post-annealed  at  an  appropriate 
temperature  to  complete  jacket  shrinkage  before  assembling  with 
connectors.  This  post-annealing  requires  a  significant  amount  of 
time  and  labor.  For  these  reasons,  there  have  been  great  hopes  for 
an  optical  cord  jacket  free  of  post-shrinkage. 


2.  Design  of  the  cord 

2.1  Cord  structure 

The  cord  we  studied  has  the  structure  shown  in  Fig.  1  where  a 
<[>0.9mm  buffered  fiber  supported  by  aramid  yam  in  the 
longitudinal  direction  is  coated  with  a  flame-retardant  halogen 
free  resin.  The  outer  diameter  of  the  cord  is  2.8mm. 

We  applied  a  new  method  to  optimize  the  conditions  of  cord 
extrusion  in  order  to  avoid  post-shrinkage.  To  compare  this  new 
method  and  the  conventional  method,  we  measured  properties 
such  as  jacket  shrinkage,  temperature  characteristic,  mechanical 
properties,  and  flame-retardant  property  in  cords  fabricated  using 
these  different  methods. 


Jacket 


Figure  1.  Cord  structure 


2.2  Selection  of  jacket  materials 

We  examined  several  halogen-free  resins  to  determine  which  was 
best  suited  for  use  in  optical  cords.  The  important  element  of  a 
jacket  material  is  the  shrinkage  stress  at  low  temperatures.  When 
a  halogen-free  resin  is  used  in  the  cord  jacket,  the  attenuation  of 
the  cord  often  increases  at  low  temperatures.  Thus  the  resin  used 
in  cord  jackets  should  feature  minimal  shrinkage  stress  at  low 
temperatures. 

We  examined  three  types  of  halogen-free  flame-retardant  resins 
by  thermo-mechanical  analysis.  For  comparison,  PVC  resin  was 
also  used  in  the  test.  The  resins  were  cooled  from  20°C  at  a 
cooling  rate  of  0.5°C  /  min.  to  measure  shrinkage  stress.  Figure  2 
shows  that  the  performance  of  resin  A  is  equal  to  that  of  PVC  and 
that  resin  B  shows  lower  shrinkage  stress  than  PVC.  Because  the 
shrinkage  stress  of  resin  C  was  larger  than  that  of  PVC  at  low 
temperatures,  we  determined  that  resin  C  was  not  suitable  for  use 
in  optical  cords.  Thus  we  did  not  use  resin  C  in  the  performance 
test  described  below. 
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Figure  2.  Comparison  of  shrinkage  stress 
of  halogen-free  jackets  at  low  temperatures 

3.  Evaluation  of  the  jacket 

3.1  Cord  heating  test 

We  heated  at  85°C  a  0.5-m-long  cord  not  assembled  with  any 
connectors  for  24  hours  and  measured  the  length  of  buffered  fiber 
protrusion  from  the  jacket  edge;  the  more  the  jacket  shrinks 
through  heating,  the  longer  buffered  fiber  protrudes  from  the 
jacket  end  in  this  test.  We  made  the  cords  by  using  two  methods. 
The  conventional  method  is  a  usual  extrusion.  The  new  method  is 
an  extrusion  method  of  minimizing  the  residual  stress  of  the 
jacket.  In  cords  fabricated  using  the  conventional  method,  the 
average  protrusion  length  after  heating  (the  sum  of  the  protrusion 
lengths  on  both  ends  of  the  jacket)  was  12.5  mm  in  the  resin  A 
jacket  and  5.5  mm  in  the  resin  B  jacket.  In  contrast,  no  fiber 
protrusion  was  observed  at  the  ends  of  the  jackets  made  of  either 
resin  with  cords  fabricated  using  the  newly  developed  method. 
When  connectors  are  assembled  with  the  ends  of  a  cord  fabricated 
using  the  conventional  method,  the  fiber  will  bend  near  the  ends 
as  the  jacket  shrinks.  As  a  result,  attenuation  increase  may  grow 
or  the  fiber  may  be  broken.  The  technique  we  developed  can 
effectively  prevent  such  problems. 


New  Method 


b) 

Figure  3.  The  protrusion  of  the  buffered  fiber 

after  heating;  85°C,  24hours 

(Protrusions  of  both  jacket  ends  were  gathered  into 
one  side) 

a)  Resin  A  b)  Resin  B 


Table  1.  The  average  protrusion  length 


The  average  protrusion  length[mm]  (The  sum  of 
the  protrusion  lengths  on  both  ends  of  the  jacket) 

Conventional 

New 

Resin  A 

12.5 

0 

Resin  B 

5.5 

0 

3.2  Jacket  shrinkage  test 

We  conducted  the  jacket  shrinkage  test  on  the  Telcordia  GR-409 
CORE  to  determine  whether  the  developed  technique  would  meet 
the  required  specifications  (acceptable  shrinkage  from  the  original 
length  is  5%  or  less  when  the  jacket  alone  is  heated).  The  jacket 
was  heated  at  1 10°C  for  two  hours. 

In  the  heating  test,  the  cord  jacket  fabricated  using  the  new 
method  showed  less  shrinkage  than  the  jacket  fabricated  using  the 
conventional  method  (Fig.  4).  Shrinkage  of  the  resin  A  cord 
jacket  fabricated  using  the  conventional  method  was 
approximately  9%,  and  did  not  meet  the  required  specifications 
for  the  Telcordia  GR-409.  On  the  other  hand,  shrinkage  of  the 
resin  A  cord  jacket  fabricated  using  the  new  method  was  5%  or 
less,  thus  meeting  the  predetermined  specifications.  Further,  the 
resin  B  cord  jacket  fabricated  using  the  new  method  showed 
almost  no  shrinkage  at  all  in  the  course  of  the  jacket- shrinkage 
test. 


a) 
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Figure  4.  Results  of  jacket  shrinkage  tests 


Figure  5.  Temperature  cycle  test  of  the  jacket 


3.3  Temperature  cycle  test  of  the  jacket 

We  investigated  then  the  relationship  between  temperature  and 
jacket  shrinkage  using  a  thermo-dilatometer.  We  measured  the 
shrinkage  of  each  jacket  at  three  and  half  temperature  cycles 
between  -20  and  80°C. 

As  shown  in  Fig.5,  the  jacket  fabricated  using  the  conventional 
method  began  to  shrink  halfway  through  the  first  heating  cycle  (as 
indicated  in  the  dotted-line  circle).  The  jacket  fabricated  using  the 
new  method  corresponded  to  the  temperature  curve.  Two 
disability  curves  do  not  look  like. 

The  characteristic  of  jackets  fabricated  using  the  conventional 
method  can  be  attributed  to  residual  stress  produced  during 
extrusion.  When  the  resin  of  jacket  material  is  elongated  in  the 
longitudinal  direction  under  the  extrusion  process  with  heat,  the 
strain  stress  is  produced  in  the  resin.  Subsequently  the  resin  cools 
and  solidifies  with  strain  stress  held.  If  such  a  cord  is  then  heated, 
the  residual  stress  is  released  and  the  jacket  shrinks  in  the 
longitudinal  direction.  The  new  method  of  cord  manufacture  has 
been  optimized  so  as  to  minimize  such  residual  stress  produced  by 
extrusion.  Thus,  as  demonstrated  in  the  jacket  shrinkage  test, 
jacket  shrinkage  is  extremely  low  in  the  cord  fabricated  using  the 
new  method,  relative  to  cords  manufactured  using  the 
conventional  method. 


4.  Temperature  cycle  test  of  the  cord 

We  carried  out  a  temperature  cycle  test  (between  -40  and  85°C; 
the  low-temperature  side  was  kept  at  -40°C  and  the  high- 
temperature  side  was  heated  in  steps  at  each  cycle)  on  resin  B 
cords  fabricated  using  the  new  and  conventional  methods  and 
measured  the  attenuation  of  those  cords  by  OTDR.  The  length  of 
the  cords  were  500-m.  The  cords  used  in  the  measurement  had  a 
single  mode  fiber.  As  shown  in  Fig.  6,  the  attenuation  increased  at 
low  temperatures  for  all  of  the  wavelengths— 1.31,  1.55,  and 
L625  pm— in  the  cord  fabricated  using  the  conventional  method 
in  the  early  stages 

of  the  temperature  cycles.  In  contrast,  there  was  no  attenuation 
increase  in  the  cord  fabricated  using  the  new  method. 

As  indicated  in  the  temperature  cycle  test  of  the  jacket,  the  jacket 
fabricated  using  the  conventional  method  showed  significant 
shrinkage  after  subjection  to  the  high-temperature  cycles.  When 
cooled  to  lower  temperatures,  the  jacket  shrank  further,  resulting 
in  bends  in  the  fiber  and  an  eventual  increase  in  attenuation. 

The  test  results  indicated  that  the  jacket  fabricated  using  the 
conventional  method  shrank  at  high  temperatures  as  the  stress 
produced  by  extrusion  was  released  and  that  this  shrinkage 
resulted  in  significant  attenuation  increase  in  the  cord.  The  new 
method,  however,  can  effectively  prevent  the  attenuation  increase 
due  to  jacket  shrinkage.  Similar  results  were  obtained  in  a  simplex 
Gl-fiber  cord. 


Internationa!  Wire  &  Cable  Symposium 


576 


Proceedings  of  the  51st  IWCS 


Temperature[°C] 


a) 


Tenperature[°C] 


b) 


Temperature[°C] 


c) 

Figure  6.  Temperature  cycle  test  of  the  cord 
Measurement  Wavelength  a)  1.31  urn  b)  1.55pm 
c)  1 .  625pm 


5.  Mechanical  properties 

We  conducted  mechanical-properties  tests  on  a  resin  B  cord 
fabricated  using  the  new  method  with  reference  to  the  standards 
for  the  Telcordia  GR-409  CORE.  The  test  results  are  shown  in 
Table  3.  The  cord  met  the  standards  for  Telcordia  GR-409  CORE 
with  excellent  test  results. 

Table  3.  Mechanical  Properties 


ITEM 

UNIT 

RESULT 

Impact  resistance 

dB 

<0.05 

Compressive  strength 

dB 

<0.05 

Tensile  strength  of  cable 

dB 

<0.05 

Cable  twist 

dB 

<0.05 

Cable  cyclic  flexing 

dB 

<0.05 

6.  Flame-retardant  property 

We  conducted  a  flame-retardant  test  conforming  to  IEC60332-3 
Cat.  C  [3]  on  the  resin  B  cord  fabricated  using  the  new  method. 
The  cord  passed  the  test  with  a  sufficient  margin,  as  demonstrated 
in  Fig.  7. 


Figure  7.  The  picture  of  a  flame  retardant  test 
7.  Conclusions 

Using  a  halogen-free  flame-retardant  material,  we  fabricated  a 
simplex  (<|>2.8  mm)  cord  using  an  optimized  method  capable  of 
minimizing  residual  stress  produced  by  extrusion  remaining  in  the 
jacket.  In_the  jacket-shrinkage  test  of  the  Telcordia  GR-409 
CORE,  we  succeeded  in  reducing  jacket  shrinkage  nearly  to  zero 
through  the  use  of  the  newly  developed  method.  Attenuation 
increase  was  not  observed  at  low  temperatures  due  to  the  minimal 
post-shrinkage  of  the  cord  jacket.  In  addition,  the  cord  showed 
excellent  mechanical  properties  and  flame-retardant  property. 

We  now  intend  to  apply  the  newly  developed  method  to  the 
minimization  of  post- shrinkage  in  the  jackets  of  multi-core  tape- 
cords  and  cables. 
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Abstract 

As  modem  industry  are  requiring  and  now  deploying  more 
environment-friendly  and  safer  optical  fiber  cable  (hereafter  OFC) 
to  indoor/outdoor  optical  transmission  system,  lots  of  cable  designs 
have  been  presented  in  the  market  already  and  they  are  developing 
another  models  with  more  improved  properties.  Those,  until  now, 
introduced  products  are  focused  on  improving  flame  retardancy  and 
suppression  of  smoke  generation  and  most  of  them  fully  meet 
international  standards.  Even  though  those  products  meet 
international  standards,  more  and  more  new  products  are  under 
development  and  are  introduced. 

The  main  goal  of  this  paper  is  based  on  predicting  flame  retardancy 
of  OFC  by  knowing  the  function  of  char  that  was  formed  over  Low 
Smoke  Zero  Halogen  (hereafter  LSZH)  OFC’s  outer  sheath  to  flame 
retardancy  of  OFC[l][2][3].  So,  the  function  of  char  over  LSZH 
sheath  was  deeply  studied  to  determine  the  degree  of  flame 
retardancy  of  OFC.  And  small-scale  flame  testing  was  also  studied 
to  make  prediction  of  flame  retardancy  of  OFC  design  possible 
before  manufacturing 

Keywords 

LSZH  compound,  small  scale  flame  testing,  Cone  Calorimeter, 
Smoke  generation. 

1.  Introduction 

Determination  of  OFC  construction  is  focused  on  satisfying  OFC’s 
characteristics  to  customers’  requirements  and  international 
standards.  Those  requirements  and  standards  are  simply  classified  to 
three  parts  ;  mechanical,  environmental  and  flame  properties. 
Among  those  requirements  and  standards,  OFC’s  flame 
characteristics  are  heavily  dependent  on  raw  materials.  In  this  paper, 
our  study  is  focused  on  prediction  of  flame  retardancy  of  LSZH 
optical  cable  using  a  small-scale  flame  test  by  cone-calorimeter 

To  determine  the  construction  of  OFC  prior  to  OFC  prototype 
manufacturing,  analysis  of  LSZH  compounds  for  outer  sheath  was 
examined  at  first  using  cone  calorimeter  (FTT  Co.,  hereafter  cone 
test)  test  (ASTM  E-1354  [4]  [5])  to  observe  the  flame  blocking 


function  and  char  formation  characteristics  of  them.  The  basic 
concept  of  observing  char  formation  of  LSZH  compound  is  that 
char  can  suppress  flame  propagation  by  blocking  evaporation  of 
combustion  gas  from  inner  components.  From  several  material  tests, 
only  two  high  effective  LSZH  compounds  were  chosen  for  small- 
scale  flame  testing  which  can  present  more  detail  ideas  about  OFC 
construction.  Small-scale  tests  were  performed  according  to  cone 
test  using  OFC-construction-like-sample  and  main  focus  of  test 
results  is  HRR(Heat  Release  Rate).  After  small  scale  testing,  real 
OFCs  were  manufactured  and  tested  according  to  IEEE383[6], 
IEC60332- 1  [7]  and  IEC6 1034-2 [8]. 

2.  Experiments 

2.1  Test  samples 

Test  samples  are  prepared  for  cone  test.  Figure  1  shows  test 
apparatus  and  cross-section  of  test  sample. 


Fig  1.  Test  apparatus  ;  Cone  Calorimeter 
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Figure  1  illustrates  our  test  plan  of  small-scale  test.  Test  Samples  are 
simulation  model  of  OFC  to  compare  test  results  of  samples  with 
those  of  real  OFC‘s.  Prior  to  small-scale  testing,  setting  of  sample 
construction  and  material  selection  was  based  on  OFC  construction. 
Table  1  shows  importance  index  of  each  components.  Components 
over  index  4  were  discarded  as  non-effective  to  flame  retardancy  of 
OFC.  We  assumed  that  sample  in  Figure  1  represents  OFC  except 
some  unnecessary  components.  In  addition,  we  postulated  that 
components  arrays  are  same  as  real  OFC  construction.  After  tests, 
OFC  construction  for  flame  testing  was  determined,  and  actual  OFC 
was  manufactured  and  tested  to  verify  the  results  of  small-scale 
testing. 


Table  1.  Importance  index  of  OFC  components 


CSM 

Tube 

2 

2  models 

Filling  Compound 

2 

2  models 

Binding  Tape 

5 

N.A. 

Yam  Member 

3 

N.A. 

LSZH  Sheath 

1 

2  models 

■w 


l:Veiy  Effective 
2:Effective 
3:Moderatc 
4:less  Effective 
5:Not  Effective 


2.1.1  LSZH  Compound.  To  select  LSZH  sheath  samples  for 


small  scale  testing,  EVA  (Ethylene- Vinyl  Acetate)  copolymer  used 
with  ATH  (Aluminum  trihydrate,  Al(OH)3)  and  MDH  (Magnesium 
hydroxide,  Mg(OH)2)  additives  ;  3  samples  with  EVA+ATH,  3 
samples  with  EVA+MDH.  During  flame  testing  by  cone  calorimeter, 
they  showed  2  types  of  char  formation.  One  has  relatively  strong 
char  shape  (they  remain  their  shape  during  and  after  cone  test)  and 
the  other  has  weak  shape  (they  were  collapsed  during  cone  test). 
Figure  2  and  Figure  3  shows  HRR  and  SEA  (Specific  Extinction 
Area)  of  all  the  tested  samples  respectively.  HRR  value  from  Figure 
2  and  time  to  ignition  from  Table  2  of  LSZH  compound  sample  ‘A 


(EVA+ATH)’  and  ‘F  (EVA  +  MDH)’  showed  relatively  the  highest 
and  the  lowest  value.  On  the  contrary,  it  was  very  difficult  to 
observe  difference  for  the  SEA  value  from  Figure  3.  So,  we  are 
mainly  focused  on  HRR  value  from  cone  calorimeter  and  material 
composition  (additives)  to  select  samples  for  OFC  construction. 
Detail  values  are  listed  in  Table  2. 


Table  2.  HRR  of  LSZH  compound 


Sample 

■9 

n 

mm 

mm 

HRR[KW/m’],  peak 

Elm 

mm 

HRR[KW/m'],  3min 

120.7 

mm 

mm 

mm 

m 

HRR[KW/m’],  avg 

112.4 

133 

119.4 

187.8 

SEAfmTkg],  peak 

549.2 

435 

623 

826.4 

558.3 

217.1 

324 

218 

189.9 

262 

57 

35 

43 

Material  Composition 

EVA 

+ 

ATH 

EVA 

+ 

ATH 

EVA 

+ 

ATH 

EVA 

+ 

MDH 

EVA 

+ 

MDH 

EVA 

+ 

MDH 

Heat  Release  Rate 


_ _ Time  (sec) 


Fig  2.  HRR  of  LSZH  compound 


Fig  3.  SEA  of  LSZH  compound 


2.1.2  Filling  Compound  and  Tube.  Materials  for  tube  and 
filling  compound  in  Table  3  are  based  on  flame  retardant 
properties. 


Table  3.  Fillin 

g  compound  and  Tube  material 

Items 

A 

B 

Filling  Compound 

Less  flammable 

Highly  flammable 

Tube  Material 

UL  94  HB 

UL  94  V-0 

2.2  Small-scale  test  sample 

Table  4  shows  samples  for  small-scale  test  according  to  material 
types.  As  showed  in  Table  4,  sample  #3  shows  highly  flame 
retardant  characteristics  from  their  material  combination  -  less 
flammable  filling  compound  +  UL  94  V-0  tube  material  +  LSZH 
compound  type  ‘A’  -.  On  the  contrary,  sample  #6  shows  poor 
flame  retardant  characteristics  when  compared  with  sample  #3. 
Their  flammability  indexes  are  sorted  according  to  their  material 
combination.  We  thought  that  the  function  of  filling  compound  is 
more  weighted  than  tube  material.  From  Table  1,  the  most 
important  component  is  LSZH  sheath.  All  the  samples  were  tested 
by  cone  calorimeter. 


Table  4.  Test  Samples  construction 
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#4 

A 

B 

F 

Normal 

#5 

B 

A 

A 

Normal 

#6 

B 

A 

F 

Poor 

#7 

B 

B 

A 

Good 

#8 

B 

B 

F 

Normal 

2.3  OFC  Design 

After  small-scale  testing,  OFCs  were  manufactured  and  tested  by 
IEEE383,  IEC60332-1  and  IEC61034-2.  Figure  4  shows  OFC 
design  and  Table  5  describes  cable  construction. 


LSZH  Central  L/T  Cable 

-  Fiber  Count :  12  fibers 

-  Cable  Outer  Diameter  :  7.0mm 

-  Cable  Weight :  65kg/km 


Fig  4.  OFC  Construction 


Table  5.  Test  Samples  construction 


Pi 

mss 

imi 

its 

Jf§§§ 

mg 

mif 

Filling  Compound 

A 

A 

A 

A 

B 

B 

B 

B 

Loose  Tube 

A 

A 

B 

B 

A 

A 

B 

B 

Outer  sheath 

A 

F 

A 

F 

A 

F 

A 

F 

3.  Test  Results 

3.1  Small-scale  test 

3.1.1  Cone  test  results 

LSZH  compound  in  Table  6  and  Figure  5~7  shows  test  results  of 
small-scale  flame  testing.  Based  on  HRR  value,  THR  (total  heat 
release)  in  Table  6,  Figure  5  and  Figure  6,  the  best  material 
combination  to  flame  retardancy  is  sample  #3  and  #7.  Sample  #3 
and  #7  showed  lower  peaks,  average  HRR  values,  compared  with 
other  sarnies.  Besides,  HRR  value,  time  to  ignition  value  also  shows 
similar  results  as  like  HRR  value.  Ignition  time  was  checked 
without  igniter  because  of  sample  height  and  test  conditios.  As  like 
an  HRR  value,  sample  #3  and  #7  have  longer  ignition  times  that 
indicates  that  they  can  suppress  flame  propagation.  Even  though 
they  did  not  showed  big  difference  by  SEA  value,  TSR  (total  smoke 
release)  value  shows  that  sample  #1  and  #5  shows  the  best 
characteristics  to  smoke  generation.  To  match  small-scale  test  result 
to  OFC,  their  effects  and  interactions  were  analyzed  by  Minitab™ 
in  Figure  8. 


Table  6.  Test  Samples  construction 


Product 

#1 

#2 

#3 

#4 

#5 

#6 

#7 

#8 

HRR,  peak 
[KW/m*] 

273 

364 

188 

415 

283 

507 

238 

524 

HRR,  3min 
[KW/m’] 

201 

271 

168 

285 

180 

315 

187 

337 

HRR,  avg. 
[KW/m!] 

153 

210 

117 

182 

151 

246 

152 

275 

SEA,  peak 
[m’/kg] 

521 

675 

628 

768 

622 

721 

522 

652 

SEA,  avg. 
[m’/kg], 

269 

393 

382 

376 

277 

407 

283 

364 

Time  to 
ignition[sec] 

56 

82 

98 

72 

83 

71 

136 

71 

HRR  of  Small  Scale  Test 


❖  #  *  a*  *  ^  &  **  £  4  4  4  4  4  4  4  4  4 


71me(see) _ 

Fig  5.  HHR  of  small-scale  test 


TSR  of  Small  Scale  Test 


4 4  4  4 44 4444 4 4444  4 


I  _ _ _ _ Time($ec) _  | 

Fig.  7.  TSR  of  small  scale  test 

3.1.2  Char  formation  characteristics 

They  showed  two  trends 

•  Maintaining  char  during  and  after  cone  test 

•  Collapse  of  char  during  test. 

Figure  9  shows  two  types  of  char  shapes  after  small-scale  test. 
Sample  #3  has  good  char  shape  and  has  strong  formation 
compared  with  sample  #4.  Their  HHR  values  also  indicate  that 
char  formation  and  keeping  characteristics  play  of  LSZH 
compound  plays  an  important  role  during  fire  conditions.  They 
block  flame  propagation  to  another  parts  of  OFC  and  reduces 
additional  effects. 
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Utm  Effects  Plot  (dsta  means)  tor  HRR  PeakfKW/  Main  Effects  PM  (data  means)  for  SEA(^/kg] 


C^e  PW  <data  means)  f°r  HRR  PeakfKW/  Cube  Plot  (data  means)  for  SEA (m’/kgl 


Fig  8.  Minitab 1M  plots  of  small-scale  flame 
testing  (Main-effects,  Interaction,  Cube  Plot) 


Sample  #3 


Sample  #4 


Fig  9.  Char  shapes  of  sample  #3  and  #4. 


3.2  OFC  flame  testing. 

After  small-scale  flame  testing,  OFC  flame  testing  was  conducted. 
Their  constructions  are  according  to  Figure  4  and  Table  5  and  test 
results  are  listed  at  Table  7. 

_  Table  7.  Flame  testing  results  of  OFC 


OFC  type 

tn 

#2 

#3 

#4 

#5 

# 6 

#7 

m 

Char  Height 
accord,  to  IEEE  383 
fUnit:mm1 

350 

770 

300 

750 

430 

890 

450 

860 

Char  Length 
accord,  to  IEC332-I 
[Unit:mm] 

no 

200 

95 

200 

130 

260 

150 

190 

Smoke  Density 
accord,  to  IEC6034-2 
fUnit:%] 

88 

79 

89 

84 

87 

84 

88 

83 

•  IEEE  383  vertical  tray  test ; 

-  maximum  char  height  is  890mm  of  sample  #6,  but  that  fully 


complies  requirements. 

-  sample  #3  showed  the  best  result :  300mm  char  height. 

-  shows  similar  results  with  small-scale  test 

•  IEC  60332-1  single  wire,  vertical  flame  test ; 

-the  maximum  height  of  char  is  260mm  and  that  fully  complies 
requirements. 

-  sample  #3  showed  the  best  result. 

-  shows  similar  results  with  small-scale  test 

•  IEC  61034-2  Smoke  density  test  (3  meter  cube  test) 

-  minimum  smoke  density  is  79%  which  complies  requirements. 

-  all  the  eight  samples  showed  only  a  little  difference  between 
them. 

-  cannot  find  difference  between  tested  samples. 


Main  Effects  Ptol  (data  means)  for  IEC6033M  M*n  Effects  PM  (data  means)  for  IEEE383 


Cube  Plot  (data  means)  for  IEC60332-1  Cube  Plot  (data  means)  for  IEEE3S3 


Fig  10.  Minitab™  plots  of  OFC  flame  testing 
(Main  Effects,  Interactions,  Cube  Plot) 


3.3  OFC  mechanical  test 

Tests  were  conducted  according  to  Telcordia  GR-20-CORE,  GR- 
409-CORE  and  IEC  811.  They  fully  complies  requirements. 

4.  On  going  research 

From  the  test  results  described  in  above  work,  exact  prediction  of 
flame  retardancy  of  OFC  by  small-scale  testing  is  difficult,  because 
OFC  test  was  conducted  to  limited  cable  sample.  That  means  that 
the  amount  of  sample  is  too  small  to  analyze  quantitatively.  To 
make  prediction  more  precise  and  quantitatively  effective,  sample 
amounts  and  the  number  of  test  should  be  large  enough  to  analyze. 
We  are  now  getting  more  test  results  to  make  small-scale  testing 
precise. 
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5.  Discussion 

Analyzing  Minitab™  graphs  of  small-scale  tests  (Figure  8)  and 
OFC  flame  tests  (Figure  10)  shows  the  relationships  between  them. 
When  comparing  plots  of  Minitab™-  main  effect  plots,  interactions 
plots  and  cube  plots  those  plot  showed  similar  shapes.  It  proposed 
that  they  have  similar  functions  and  characteristics.  This  proves  that 
simulation  test  using  OFC  construction  like  samples  have  similar 
flame  retardant  behaviors  and  can  make  prediction  possible.  Among 
three  factors,  function  of  LSZH  compound  is  larger  than  other 
factors  such  as  tube  material  and  filling  compound.  Therefore,  a 
proper  selection  of  LSZH  compound  type  decides  the  most  portions 
of  flame  retardant  properties.  Even  though  small-scale  test  shows 
similar  characteristics  of  OFC,  it  is  very  difficult  to  predict  complex 
OFC  construction.  But,  small-scale  test  can  provide  more  useful 
information  about  flame  retardant  characteristics  of  OFC  before 
manufacturing  OFC. 

Regarding  smoke  generation  characteristics  of  OFC,  it  is  very  hard 
to  say  that  small-scale  test  represents  OFC.  But  from  figure  11,  there 
are  some  similarities  between  them  although  they  did  not  match 
exactly.  We  assumed  that  test  result  of  TSR  and  smoke  density  is 
not  accurate  because  they  were  not  analyzed  quantitatively.  So  exact 
assumption  of  smoke  characteristics  of  OFC  is  very  difficult  to 
deduce  but  lots  of  test  can  make  smoke  density  prediction  possible 
even  though  there  are  interactions  between  materials.  So,  smoke 
generation  characteristics  shall  be  studied  continuously  and  different 
way  of  test  shall  be  developed. 


TSR  &  Smoke  Density  *  Sma,,'Scale 
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Figure  10.  TSR  and  Smoke  Density  Comparison 

6.  Conclusions 

Small-scale  flame  test  of  OFC-simulated  sample  can  predict  the 
behavior  of  flame  properties  of  OFC.  OFC  construction  applying 
small-scale  test  results  showed  good  flame  retardant  characteristics 
and  other  mechanical/environmental  requirements.  Eventually 
small-scale  test  can  make  OFC  design  process  simple  and  cost- 
effective.  Even  though  small-scale  test  can  give  some  information 
about  flame  retardant  characteristics  of  OFC,  more  detail  study  to 
OFC  construction  and  material  selection  ae  required. 
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Abstract 

Flame  retardant  nanocomposites  are  synthesized  by  melt-blending 
ethylene-vinyl  acetate  copolymers  with  modified  layered  silicates  as 
nanofillers.  Thermogravimetric  analysis  performed  under  air 
demonstrates  a  clear  increase  in  the  thermal  stability  of  the  layered 
silicate-based  nanocomposites.  A  cone  calorimeter  was  used  to 
investigate  fire  hazards.  The  nanocomposites  cause  a  large  decrease 
in  heat  release.  The  char  formation  is  the  main  important  factor  for 
the  improvement  and  its  function  is  outlined.  Further  improvements 
of  the  flame  retardancy  by  combinations  of  nanofillers  and 
traditional  FR-additives  on  basis  metal  hydroxides  are  also  studied. 
The  nanocomposites  bases  on  nanofillers  and  ATH  can  be  used  as 
very  efficient  systems  for  flame  retardant  cables.  The  corresponding 
results  are  outlined  for  a  coaxial  cable  fulfilling  the  UL  1666  riser 
test. 

Keywords 

Cables;  wires;  nanocomposites;  flame  retardancy;  cone  calorimeter; 
heat  release;  thermogravimetric  analysis;  char  formation;  layered 
silicates;  UL  1666  riser  test;  aluminium  trihydrate;  coaxial  cable; 
fire  hazards 

1.  Introduction 

Fire  hazards  are  mainly  the  result  of  the  combination  of  different 
factors  including 

♦  ignitability 

♦  ease  of  extinction 

♦  flammability  of  the  generated  volatiles 

♦  amount  of  the  heat  released  on  burning 

♦  rate  of  heat  release 

♦  flame  spread,  smoke  obscuration  and 

♦  smoke  toxicity. 

The  most  important  fire  hazards  are  [1] : 

♦  heat 

♦  smoke  and 

♦  toxic  gases 

A  high  rate  of  heat  release  causes  a  fast  ignition  and  flame  spread.  It 
controls  also  the  fire  intensity  and  is  therefore  much  more  important 
than  ignitibility,  smoke  toxicity  or  flame  spread.  The  time  to  escape 
available  for  fire  victims  is  also  controlled  by  the  heat  release  rate. 
The  smoke  production  is  a  further  important  fire  hazard.  People  get 
disoriented  in  the  dark  smoke  and  therefore  they  cannot  exit  unless 
they  see.  On  the  other  side  the  fire  fighters  have  severe  problems  to 
rescue  people  in  dark  surroundings. 


The  acute  toxicity  of  fire  gases  is  mainly  controlled  by  the  carbon 
monoxide  content.  CO  is  responsible  for  over  90  %  of  people  killed 
by  fires  [2]. 

Each  year  about  5000  people  are  killed  by  fire  in  Europe  and  more 
than  4000  people  in  the  USA.  The  direct  property  losses  are  roughly 
0,2  %  of  the  gross  domestic  product  and  the  total  costs  of  fires  are 
around  1  %  of  the  gross  domestic  product  [3]. 

Therefore  it  is  important  to  develop  well  designed  flame  retardant 
materials  to  decrease  the  fire  hazards  indicated. 

Polymers  are  used  in  more  and  more  fields  of  applications  and 
specific  mechanical,  thermal  and  electrical  properties  are  required. 
One  further  important  property  is  the  flame  retardant  behaviour  of 
the  polymers,  which  can  be  fulfilled  traditionally  by  the  following 
routes: 

>  Use  of  intrinsically  flame  retardant  polymers  like  PVC  or 
fluoropolymers. 

>  Use  of  flame  retardants  like  aluminium  trihydrate,  magnesium 
hydroxide,  organic  brominated  compounds  or  intumescent 
systems  to  prevent  the  burning  of  polymers  like  PE,  PP,  PA  or 
other  polymers. 

These  flame  retardant  systems  show  in  some  cases  considerable 
disadvantages: 

>  The  applications  of  aluminium  trihydrate  (ATH)  and  also 
magnesium  hydroxide  require  a  very  high  portion  of  the  filler 
within  the  polymer  matrix;  filling  levels  of  more  than  60 
weight-%  are  necessary  to  achieve  a  suitable  flame  retardancy 
e.g.  for  cables  &  wires.  Clear  disadvantages  of  these  filling 
levels  are  the  high  density  and  the  lack  of  flexibility  of  the  end 
products,  the  low  mechanical  properties  and  the  problematic 
compounding  and  extrusion  steps. 

>  In  Europe  there  are  at  least  reservations  about  a  general  use  of 
brominated  compounds  as  flame  retardants. 

>  Intumescent  systems  are  expensive  and  the  electrical 
requirements  can  restrict  the  use  of  these  products. 

A  new  class  of  materials,  called  nanocomposites,  avoids  the 
outlined  disadvantages  of  the  traditional  flame  retardant  systems. 
Generally  the  term  “nanocomposite”  describes  a  two-phase  material 
with  a  suitable  nanofiller  (usually  a  modified  layered  silicate) 
dispersed  in  the  polymer  matrix  at  a  nanometer  (10  *9  m)  scale. 


2.  Nanocomposites  properties 

Compared  with  virgin  polymers  the  corresponding  nanocomposites 
show  tremendous  improvements;  the  content  of  the  modified 
layered  silicates  is  often  ranged  between  just  2  weight-%  and  10 
weight-%. 
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The  following  list  indicates  some  of  the  most  important  improved 
properties: 

■  Improvements  of  mechanical  properties  like  tension, 
compression,  bending  and  fracture 

■  Improvements  of  barrier  properties  like  permeability  and 
solvent  resistance 

■  Improvements  of  optical  properties 

■  Improvements  of  ionic  conductivity 

A  review  discusses  these  improvements  [4]. 

Other  highly  interesting  properties  of  polymer-layered  silicate 
nanocomposites  concern  their  increased  thermal  stability  and  ability 
to  promote  flame  retardancy  at  very  low  filling  levels.  The 
formation  of  a  thermal  insulating  and  also  low  permeable  char  to 
volatile  combustion  products  caused  by  a  fire  is  responsible  for 
these  improved  properties  [5-8].  The  low  filler  contents  in 
nanocomposites  for  the  drastic  improvement  in  thermal  stability  is 
highly  attractive  for  the  industry  because  the  end-products  can  be 
made  cheaper  and  easier  to  process. 

3.  Experimental 

3.1  Materials 

A  commercial  available  layered  silicate  based  on  montmorillonite 
modified  by  dimethyl-distearylammonium  cations  from  Siid- 
Chemie/Germany  was  used  as  nanofiller . 

Ethylene-vinyl  acetate  (EVA)  copolymers  (Exxon's  Escorene  types) 
with  different  weight-%  vinyl  acetate  were  used  in  this  study.  Such 
types  of  copolymers  have  demonstrated  their  ability  to  promote 
nanocomposite  formation  by  melt  blending  with  nanofillers  [9-11]. 

Aluminium  trihydrate  ATH  (Martinal  OL  1 04  LE)  from 
Martinswerke  GmbH/Germany  was  used. 

3.2  Properties  of  EVA  nanocomposites 

Depending  on  the  nature  of  the  filler  distribution  within  the  matrix, 
the  morphology  of  the  nanocomposites  can  evolve  from  the  so- 
called  intercalated  structure  with  a  regular  alternation  of  the  layered 
silicates  and  polymer  monolayers  to  the  exfoliated  (delaminated) 
structure  with  the  layered  silicates  randomly  and  homogeneously 
distributed  within  the  polymer  matrix.  The  easiest  and  technically 
most  attractive  way  to  produce  these  types  of  materials  is  kneading 
the  polymer  in  the  molten  state  with  a  modified  layered  silicate  such 
as  montmorillonite.  The  native  Na+  interlayer  cation  within  the 
silicate  has  been  exchanged  by  a  quaternary  alkylammonium  cation. 
The  modified  filler  is  called  a  nanofiller  and  is  much  more 
compatible  with  the  polymer  matrix. 

Mixing  was  done  on  several  compounding  machines.  Rolling  mill 
and  internal  mixer  as  discontinuous  compounding  machines  were 
used;  a  BUSS  ko-kneader  (with  a  rotating  and  simultaneously 
oscillating  screw,  1 1  L/D,  46  mm  screw  diameter)  was  used  as  a 
continuous  compounding  machine.  Processing  temperature  of 
160°C  was  used  for  all  the  different  compounding  machines. 
Informations  on  the  nanocomposite  morphology  [figure  1]  have 
been  obtained  by  transmission  electron  microscopy  (TEM)  and  X- 
ray  diffraction  (XRD)  observation.  Exfoliated  silicate  sheets  are 
observed  together  with  small  stacks  of  intercalated  montmorillonite. 
This  structure  may  be  described  as  a  semi-intercalated  semi- 


exfoliated  structure  that  does  not  change  principally  with  the  vinyl 
acetate  content  of  the  EVA  matrix,  even  a  larger  amount  of  stacks 
are  observed  for  EVA  with  lower  vinyl  acetate  contents  [10].  There 
are  also  no  great  differences  within  the  morphology  of  the 
nanocomposites  related  to  the  different  compounding  routes. 

Figure  1 

Microcomposites  &  intercalated  and  exfoliated  morphologies  of 
nanocomposites 


Exfoliated 

Nanocomposite 


4.  Results 

4.1  Thermal  stability 

Thermogravimetric  analysis  (TGA)  is  widely  used  to  characterize 
the  thermal  stability  of  a  polymer.  The  mass  loss  of  the  polymer  due 
to  volatilization  of  products  generated  by  the  thermal  decomposition 
is  monitored  as  function  of  a  temperature  ramp.  Non-oxidative 
decomposition  occurs  when  the  heating  of  the  material  is  done 
under  an  inert  gas  flow  like  helium  or  nitrogen  while  the  use  of  air 
or  oxygen  allows  to  follow  the  oxidative  decomposition  reactions. 

The  experimental  conditions  of  the  degradation  highly  influences 
the  reaction  mechanism  of  the  degradation.  The  thermal  stability  of 
EVA  based  nanocomposites  was  investigated  [10]  as  partially 
intercalated  and  partially  exfoliated  structures  independent  of  the 
EVAs  used.  TGA  under  helium  (non-oxidative  decomposition)  and 
under  air  (oxidative  decomposition)  were  investigated.  EVA  is 
known  to  decompose  in  two  consecutive  steps.  The  first  one  is 
identical  to  both  oxidative  and  non-oxidative  conditions.  It  occurs 
between  350  °C  and  400  °C  and  is  linked  to  the  loss  of  acetic  acid. 
The  second  step  involves  the  thermal  decomposition  of  the  obtained 
unsaturated  backbone  either  by  further  radical  scissions  (non- 
oxidative  decomposition)  or  by  thermal  combustion  (oxidative 
decomposition).  In  helium  the  EVA-nanocomposite  has  a  negligible 
reduction  in  the  thermal  stability  compared  to  the  virgin  EVA  or  the 
EVA  filled  with  Na-montmorillonite  (microcomposite).  In 
contrast,  when  decomposed  in  air,  the  same  nanocomposite  exhibits 
a  rather  large  increase  in  the  thermal  stability  because  the  maximum 
of  the  second  degradation  peak  is  shifted  40  °C  to  higher 
temperatures  while  the  maximum  of  the  first  decomposition  peak 
remains  unchanged  [Table  1].  In.  this  case  the  explanation  for  the 
improved  thermal  stability  is  the  char  formation  occuring  under 
oxidative  conditions.  The  char  acts  as  a  physical  barrier  between  the 
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polymer  and  the  superficial  zone  where  the  combustion  of  the 
polymer  is  occuring.  The  results  in  Table  1  on  the  maximal 
temperatures  at  the  main  degradation  peak  for  EVA  nanocomposites 
demonstrate  that  obviously  the  optimum  for  the  thermal  stabilization 
is  already  obtained  at  a  layered  silicate  level  of  2,5  -  5,0  weight-%. 

Table  1 

Maximal  temperature  of  the  main  degradation  peak  (DTG)  in 
air,  20°C/min,  for  EVA  and  EVA-nanocomposites; 


EVA:  Escorene  UL  00328  with  28  weight  %  VA 


Nanofiller  content 
(weight  %) 

Maximal  temperature  peak  at  the 
main  degradation  peak  (°CI 

0 

452.0 

1 

453.4 

2.5 

489.2 

5 

493.4 

10 

472.0 

15 

454.0 

4.2  Flammability  properties 

From  an  engineering  point  of  view,  it  is  important  to  know  what 
hazards  within  a  fire  must  be  prevented  and  only  then  strategies  for 
measurements  and  improvements  can  be  developed.  Extensive 
research  at  NIST  (National  Institute  for  Standards  and  Technology, 
USA)  led  to  the  important  conclusion  which  allows  significant 
simplification  of  the  problem  for  hazards  in  fires:  The  heat  release 
rate,  in  particular  the  peak  heat  release  rate,  is  the  single  most 
important  parameter  in  a  fire  and  can  be  viewed  as  the  "driving 
force"  of  the  fire  [12],  Therefore,  today  the  universal  choice  of  an 
engineering  test  for  flame  retardant  polymers  is  the  cone 
calorimeter.  The  measuring  principle  is  the  oxygen  depletion  with  a 
relationship  between  the  mass  of  oxygen  consumed  from  the  air  and 
the  amount  of  heat  released. 

The  cone  calorimeter  is  standardized  as  ASTM  E  1354  and  ISO 
5660.  In  a  typical  cone  calorimeter  experiment  the  polymer  sample 
(as  a  plate  of  100  x  100  x  5  mm)  in  aluminium  dishes  is  exposed  to 
a  defined  heat  flux  (mostly  35  kW/m2  or  50  kW/m2). 

Simultaneously  the  properties  "heat  release  rate",  "peak  of  heat 
release",  "time  to  ignition",  "total  heat  released",  "  mass  loss  rate", 
"mean  CO  yield",  "mean  specific  extinction  area"  etc.  can  be 
measured. 

The  flame  retardant  properties  of  the  EVA  nanocomposites  have 
been  determined  using  cone  calorimetry  under  a  heat  flux  of  35 
kW/m2  (Fig  2).  Under  such  conditions,  simulating  a  small  fire 
scenario,  the  effect  of  the  nanofiller  is  already  observed  for  3 
weight-%.  A  decrease  by  47  %  of  the  peak  of  heat  release  as  well  as 
a  shift  towards  longer  times  are  detected  for  a  nanocomposite 
containing  5  weight-%  of  the  nanofiller  when  compared  to  the 
virgin  matrix  EVA.  Increasing  the  filler  content  to  10  weight-% 
does  not  improve  any  more  the  reduction  of  the  peak  of  heat  release. 
As  a  decrease  in  the  peak  of  heat  release  indicates  a  reduction  of  the 
burnable  volatiles  generated  by  the  degradation  of  the  polymer 
matrix,  such  drop  clearly  indicates  the  flame  retardant  effect  due  to 
the  presence  of  the  nanofiller  and  its  "molecular"  distribution 


throughout  the  matrix.  The  flame  retardant  properties  are  further 
improved  by  the  fact  that  the  peak  of  heat  release  is  spread  over  a 
much  longer  period  of  time.  The  flame  retardant  properties  are  due 
to  the  formation  of  a  char  layer  during  the  nanocomposite 
combustion.  This  char  acts  as  an  insulating  and  non-burning 
material  that  reduces  the  emission  of  volatile  products  (fuel)  into  the 
flame  area.  The  silicate  layers  of  the  nanofiller  play  an  active  role  in 
the  formation  of  this  char  but  also  strengthen  it  and  make  it  more 
resistant  to  ablation. 

Cone  calorimeter  experiments  with  a  heat  flux  of  35  kW/m2  also 
show  that  virgin  EVA  is  completely  burned  without  any  residue.  In 
contrast  to  the  previous  result  an  early  strong  char  formation  is 
found  for  the  EVA  nanocomposite  within  an  analogous  cone 
calorimeter  experiment;  but  now  this  char  is  stable  and  does  not 
disappear  by  combustion. 

Finally,  compared  to  the  virgin  EVA  matrix,  the  nanocomposite 
bums  without  producing  burning  droplets  (UL  94  vertical 
procedure)  [14],  a  characteristic  feature  that  furthermore  limits  the 
propagation  of  a  fire.  This  is  an  important  characteristic  for  products 
to  be  classified  within  the  new  Euroclasses  regulating  the  flame 
retardancy  classes  in  Europe. 


Rate  of  heat  release  vs.  time  measured  with  a  cone  calorimeter  (heat 
flux:  35  kW/m2)  for  various  EVA  (Escorene  UL  00328  with  28 
weight-%  vinyl  acetate  content)  based  materials  : 


a)  Virgin  EVA  and  EVA  with  5  weight-%  of  Na- 
montmoril Ionite  (microcomposite) 

b)  EVA  +  3  weight-%  nanofiller 

c)  EVA  +  5  weight-%  nanofiller 

d)  EVA  +  10  weight-%  nanofiller 

4.3  NMR-investigation  and  FR-mechanism 

The  degradation  of  EVA  and  EVA  nanocomposites  was 
investigated  by  solid  phase  CP  -  MAS  -  13  C  -  NMR  spectroscopy. 
The  principles  and  the  measurement  method  are  described  in  detail 
by  Le  Bras  et  al  [16].  EVA  (Escorene  UL  001 12  with  12  weight-% 
vinyl  acetate  content)  and  also  a  nanocomposite  based  on  EVA 
(Escorene  UL  001 12  with  12  weight-%  vinyl  acetate  content)  with  5 
weight-%  of  the  nanofiller  were  irradiated  within  a  cone  calorimeter 
by  a  heat  flux  of  50  kW/m2.  Samples  were  taken  out  from  heat  flux 
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after  50,  100,  150,  200  and  300  s  and  the  presence  of  EVA  and  the 
char  formation  was  measured. 

The  following  results  are  obtained  [17]: 

Before  irradiation  of  EVA  and  EVA  nanocomposite: 

♦  33  ppm  =>  -  CH2  -  by  polymer  backbone 

♦  75  ppm  =>  -CH3  by  acetate  group 

♦  172  ppm  =>  -  C=0  by  acetate  group  (small  signal) 

After  irradiation  of  EVA: 

♦  50  seconds:  New  signals  at  130  ppm  (char:  aromatics  & 

polyaromatics)  and  180  ppm  (-  00  with  beginning  of 

oxidation),  EVA  signals  present 

♦  150  seconds:  no  signals  =>  no  organic  material  present 
After  irradiation  of  EVA  nanocomposite: 

♦  50  seconds:  New  signals  at  130  ppm  (char:  aromatics  and 

polyaromatics)  and  180  ppm  (-0=0  with  beginning  of 

oxidation),  EVA  signals  present 

♦  100  seconds:  char-formation  &  EVA  signals  present 

♦  200  seconds:  char-formation  &  EVA  signals  present 

♦  >300  seconds:  no  signals  =>  no  organic  material  present 

Obviously  the  formation  of  nanocomoposites  clearly  promotes  char 
formation  and  delays  the  degradation  of  EVA. 

4.4  Intercalation  versus  exfoliation 

Often  it  is  reported  within  the  literature  that  exfoliation  is  the  most 
effective  structure  for  maximal  enhancements  of  properties 
improved  by  nanocomposites.  Therefore  it  was  of  interest  to  shift 
the  ratio  of  mixed  intercalated  /  exfoliated  structure  that  is  observed 
within  EVA-nanocomposites  [10]  to  the  exfoliated  structure.  This 
was  done  by  melt-compounding  EVA  (Escorene  UL  00328)  with  5 
phr  of  the  nanofiller  on  a  twin-screw  extruder.  Two  screw  designs 
were  used:  one  screw  for  maximal  mixing  using  mixing  elements 
and  the  second  screw  for  maximal  dispersion  using  kneading  blocs. 
The  screws  were  used  from  300  to  1200  rpm.  TEM  and  XRD 
demonstrate  that  for  the  highest  shear  rate  (1200  rpm)  and  highest 
friction  (second  screw)  the  mixed  structures  are  shifted  to  the 
exfoliated  one.  Cone  calorimeter  datas  however  show  that  there  are 
no  changes  on  the  peak  heat  release  rates  for  all  the  melt- 
compounded  nanocomposites.  Obviously  the  mixed  intercalated  / 
exfoliated  structures  within  the  EVA  nanocomposites  have  already 
the  maximal  reduction  in  peak  heat  release  rates. 

5.  Combination  of  the  traditional  filler 
ATH  with  a  nanofiller 

To  achieve  typical  flame  retardancy  for  cables  required  by  the  most 
important  international  cable  fire  test  (IEC  60332-3-24)  [15]  a  ratio 
of  65  weight-%  of  ATH  and  35  weight-%  of  a  suitable  polymer 
matrix  like  EVA  must  often  be  used  for  cable  outer-sheaths  [13]. 
Therefore  the  performances  of  two  compounds  were  compared. 
Both  compounds  were  prepared  on  a  BUSS  ko-kneader  (46  mm 
screw  diameter,  1 1  L/D).  One  compound  was  made  by  65  weight- 
%  ATH  and  35  weight-%  EVA  Escorene  UL  00328  and  a  second 
compound  was  made  by  60  weight-%  ATH,  5  weight-%  of  the 
nanofiller  and  35  weight-%  EVA  Escorene  UL  00328.  Both 


compounds  were  investigated  by  TGA  in  air  and  by  cone 
calorimeter  at  50  kW/m2.  TGA  in  air  clearly  shows  the  delay  in  the 
degradation  by  the  small  amount  of  nanofiller. 

The  char  of  the  EVA  /  ATH  /  nanofiller  compound  created  by  the 
cone  calorimeter  is  very  rigid  with  only  very  few  small  cracks;  but 
the  char  of  the  EVA  /  ATH  compound  is  much  less  rigid  (less 
mechanical  strength)  and  with  many  big  great  cracks.  This  is  also 
the  explanation  why  the  peak  heat  release  rate  in  the  case  of  the 
nanocomposite  is  reduced  to  100  kW/m2  compared  to  200  kW/m2 
for  the  EVA  /  ATH  compound.  To  obtain  the  same  decrease  for  the 
peak  heat  release  rate  by  the  flame  retardant  filler  ATH  only,  the 
content  of  ATH  must  to  be  increased  to  78  weight-%  within  the 
EVA  /  ATH  compound.  The  great  improvements  in  flame 
retardancy  by  the  nanofiller  also  opens  the  possibility  to  decrease 
the  level  of  ATH  within  the  EVA  polymer  matrix.  To  maintain  200 
kW/m2  as  a  sufficient  peak  heat  release  level,  the  content  of  ATH 
can  be  decreased  from  65  weight-%  to  45  weight-%  by  the  presence 
of  only  5  weight-%  nanofiller  within  the  EVA  polymer  matrix.  The 
reduction  in  the  total  amount  of  these  fillers  results  also  in  improved 
mechanical  and  rheological  properties  of  typical  EVA-based  cable 
compounds. 

6.  Coaxial  cable  passing  UL  1666  with  a 
nanocomposite  based  outer  sheath 

There  are  many  applications  for  indoor  cables  passing  the  riser  test 
defind  by  UL  1666  with  a  145  kW  burner  in  a  two  story  facility. 
This  very  severe  fire  test  defines  the  following  most  important 
points  of  measurements: 

>  1 2  feet  maximum  temperature  of  850°F 

>  1 2  feet  maximum  height  for  flames 

For  passing  this  fire  test  halogen  cable  compounds  are  often  used. 
But  more  and  more  flame  retardant  non-halogen  (FRNH)  cables  are 
requested  by  the  market  passing  the  riser  test.  Cables  based  on 
nanocomposites  compounds  demonstrate  their  promising 
performances  for  this  fire  test. 

An  example  for  FRNH  cables  passing  UL  1999  is  shown  in  figure  3. 
The  outer  sheath  is  based  on  a  FRNH  nanocomposite  outher  sheath 
with  an  EVA  /  ATH  /  nanofiller  composition.  The  analogous  FRNH 
coaxial  cable  is  also  tested  with  an  outer  sheath  based  on  EVA  / 
ATH.  In  both  compounds  the  relation  of  polymer  /  filler  was  the 
sameand  table  2  indicates  the  results. 

The  improved  flame  retardant  properties  are  due  to  the  formation  of 
a  char  layer  during  the  nanocomposite  combustion.  This  insulating 
and  non-burning  char  reduces  the  emission  of  volatile  products  from 
the  polymer  degradation  into  the  flame  area  and  thus  reducing  the 
maximal  temperature  and  height  of  the  flames. 


Figure  3 

Coaxial  cable  (1/2”)  with  an  FRNH-nanocomposite  based  outer 
sheath 
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Table  2 

Fire  performances  of  FRNH  coaxial  cables  with 
EVA  /  ATH  and  EVA  /  ATH  /  nanofiller  outer  sheaths 


UL  1666 
requirements 

EVA /ATH 
compound 

EVA /ATH/ 
nanofiller  compound 

maximal 

temperature  at  1 2 
feet:  <850°F 

1930°F 

620°F 

maximal  flame 
height:  <  12  feet 

>  12  feet 

6  feet 

7.  Conclusion 

The  thermal  properties  of  EVA  are  improved  by  very  low  loadings 
levels  of  a  suitable  nanofiller  within  the  polymer  matrix.  For  these 
EVA  nanocomposites  TGA  in  air  shows  a  delay  of  the  degradation; 
the  peak  of  heat  release  measured  by  a  cone  calorimeter  is 
dramatically  reduced.  Char  formation  in  the  cases  of  the 
nanocomposites  is  improved  and  responsible  for  the  better  flame 
retardancy.  The  results  are  also  valid  for  EVA  nanocomposites  in 
combinations  with  metal  hydroxides  like  aluminium  trihydrate  and 
opens  the  possibility  for  new  flame  retardant  compounds  for  cables 
with  reduced  total  filler  contents. 

A  coaxial  cable  with  an  outer  sheath  based  on  flame  retardant  non 
halogen  nanocomposites  passes  the  UL  1666  riser  test. 
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Abstract 

This  paper  investigates  performance  characteristics  of  a  non¬ 
halogen,  low-smoke  flame  retardant  thermoplastic  compound 
derived  from  soft  polypropylene-based  plastomers  and  magnesium 
hydroxide.  Performance  characteristics  of  this  FR  compound  are 
examined  from  aspects  of  physical/mechanical  properties, 
fire/flame  characteristics,  and  processing  characteristics.  The  ability 
to  readily  and  uniformly  incorporate  Zerogen™  magnesium 
hydroxide  into  soft  Catalloy  Plastomers  to  achieve  excellent  FR 
performance,  while  maintaining  viable  material  processing  behavior 
is  studied.  The  soft  nature  characteristic  of  Catalloy  Plastomers  and 
its  thermoplastic  rigidity  impart  controlled  balance  among 
toughness,  low-temperature  flexibility  and  achievable  service 
temperature.  The  lower  density  of  thermoplastic  Catalloy 
Plastomers  relative  to  other  polyolefins  also  allows  for  reduced 
finished  wire  or  cable  weight.  Results  from  this  study  show  that  soft 
Catalloy  Plastomers  along  with  Zerogen™  offers  high  performance 
compounds  to  the  specialty  wire  and  cable  applications,  such  as 
automotive  wires  and  communications  cables  where  excellent  flame 
retardancy/smoke  characteristics  and  physical/electrical 
performance  are  critical  to  meeting  application  requirements. 

Introduction 

Wire  and  cable  producers  and  end  users  are  continuing  to  demand 
superior  compound  materials  that  are  not  only  cost/performance 
effective  but  meet  increasingly  stringent  industrial  and  regulatory 
standards  or  initiatives.  Low-smoke,  zero-halogen  polyolefin 
compounds  have  received  broad  attention  as  one  of  the  advanced 
technology  materials  that  can  provide  the  desired  application 
performance  including  material  handling  while  being  health  and 
environmentally  sound.  Enhanced  wire  and  cable  flame  retardancy 
and  flexibility  are  of  keen  interest  to  the  end  users.  This  is 
particularly  true  for  the  automotive  wire  and  cable  insulation  and 
jacketing  applications  where  plasticized  PVC  and 

polyethylene/EVA  are  among  the  main  polymers  currently  used. 
PVC,  while  inherently  a  better  fire  retardant  polymer  than 
polyolefins,  is  always  a  source  of  health  and  environmental 
concerns  due  to  potentials  for  release  of  chlorine-containing 
chemicals  and  plasticizer  bleach-out.  Polyethylene  and/or  EVA,  on 
the  other  hand,  has  certain  limitations  in  incorporating  high  levels 
of  metal  hydrate  flame  retardants  to  achieve  necessary  fire 
performance  while  still  retaining  adequate  mechanical  properties.  In 


comparison,  polypropylene  has  an  apparent  performance  advantage 
over  polyethylene/EVA  for  PP’s  inherently  higher  material  strength 
and  lower  density,  which  enable  PP  compounds  to  maintain  desired 
physical  properties  even  with  high  flame  retardant  loadings. 
Significant  technical  effort  has  been  directed  to  the  advancement  of 
reactor  based  soft  plastomers  in  recent  years.  This  push  has  been 
driven  by  market  needs  to  produce  lower  cost,  higher  performance 
olefin  based  plastomers.  The  automotive  market  is  leading  this 
advancement,  by  such  applications  as  automotive  wires  where  a 
switch  from  traditional  PVC  compounds  to  polyolefins  based 
products  is  ongoing. 

Advancement  in  catalysts  and  reactor  technologies  in  the 
polyolefins  family  of  resins  has  resulted  in  the  development  of 
numerous  new  polyolefins  plastomers.  This  paper  provides  insights 
into  unique  wire  and  cable  performance  features  for  the  compounds 
based  on  a  new  propylene-ethylene  plastomers,  utilizing  new 
catalyst  developments  by  Basell,  in  combination  with  a  surface- 
coated  and  fine  particle  sized  magnesium  hydroxide  by  J.  M. 
Huber.  The  polyolefins  plastomers  are  ethylene-propylene 
plastomers  contained  in  a  hard  PP  based  network.  The  combination 
of  a  relatively  high  melting  polypropylene  resin  and  a  low 
crystalline  plastomer  provides  a  unique  combination  allowing 
flexibility  in  compounding  high  metal  hydrate  levels  to  meet 
mechanical,  fire  and  electrical  requirements  for  automotive  wire 
applications.  Use  of  surface-coated  Zerogen™  magnesium 
hydroxide  provides  the  wire  and  cable  products  with  low  smoke, 
excellent  FR,  good  balance  of  mechanical  and  thermal/dimensional 
properties,  and  good  electricals.  It  is  important  to  note  that  the  low- 
smoke,  zero-halogen  soft  polypropylene  compounds  discussed  in 
this  paper  can  have  broad  applications  beyond  automotive  wire  and 
cable. 

Materials 

Zerogen™  50SP,  made  by  J.  M.  Huber  Corporation,  is  a  magnesium 
hydroxide  treated  with  coupling  silane  and  has  average  particle  size 
of  0.7  microns  and  BET  surface  area  of  6.5  m2/g. 

Soft  thermoplastic  polyolefins  plastomers  (such  as  Hifax  Q100F 
and  Hifax  7334)  are  made  by  Basell’s  Catalloy  process.  The  glass 
transition  temperature  of  the  Catalloy  process  resins  can  be  varied 
from  -26  C  to  -47  C  by  controlling  the  type  and  ratio  of 
comonomer  used  to  produce  the  soft  phase  of  the  resin.  An  intrinsic 
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property  comparison  of  soft  plastomers  against  PVC  is  provided  in 
Table  1 


Table  1.  Comparison  of  Catalloy  Hifax  Grade  Ethylene- 


Hifax 

Q100F 

Hifax 

7334 

Plasticized 

PVC 

Density, 

(gfcc )  _ 

0.88 

0.87 

1.20 

Hardness, 

Shore  A 

85 

75 

75 

1%  Secant  Modulus, 
(Mpa) 

80 

20 

14 

Tensile  Strength, 

(Mpa) 

20 

11 

ii 

Strain  to  Break, 

% 

750 

750 

400 

Heat  of  Fusion 

J!a _ 

46 

16 

- 

Results  and  Discussion 

1.  Catalloy  soft  thermoplastic  plastomers 

Hifax  7334  is  a  soft  plastomer  containing  a  polypropylene  hard 
matrix  and  an  EP  soft  matrix.  Its  high  molecular  weight  and  low 
crystallinity  facilitate  the  incorporation  of  oil,  and  additions  of  up  to 
20%  oil  can  be  achieved  without  modifications  to  the  polymer  or 
compound.  This  will  provide  softness  down  to  a  Shore  A  hardness 
of  55  and  tensile  modulus  down  to  ~9  MPa  for  improved  material 
flexibility.  Table  2  provides  a  summary  of  soft  polymer  based  on 
Hifax  7334.  It  is  interesting  to  note  that  a  10%  addition  of  oil 
reduced  Shore  A  hardness  of  Hifax  TS14  by  10  units  with  a 
corresponding  reduction  in  tensile  strength  and  stiffness. 


'able  2.  Intrinsic  properties  of  oil-modified  Hifax  7334 


Sample  ID 

Hifax 

7334 

31-3 

31-4 

47-2 

47-3 

Oil  % 

0 

10 

20 

30 

40 

Hardness 

Shore  A 

75 

65 

55 

45 

40 

Tensile 

Modulus 

Mpa 

19 

14 

9.0 

3.7 

2.8 

Tensile 

Strength 

Mpa 

20 

12 

9 

13 

10 

Strain  @  Break 
% 

750 

850 

800 

1000 

900 

Figure  1  shows  SEM  graphs  of  two  Catalloy  soft  plastomers.  Dark 
and  gray  areas  indicate  amorphous  EP  phases,  light  areas  indicate 
crystalline  PP  phase.  7334  shows  more  of  a  co-continuous 
morphology  compared  to  Q100F.  The  PP-based  plastomer 
polymers  have  uniform-sized  soft  domains  dispersed  in  high 
modulus  PP  continuous  phase,  providing  higher  melting  point  with 
good  material  flexibility  relative  to  PE,  as  shown  by  Figure  2  that 
compares  Catalloy  PP  vs.  PE  on  modulus  measured  on  film 
samples. 

Figure  3  shows  the  relative  performance  of  XLPE,  PVC  and  PP 
Plastomer  with  respect  to  thermal  cut  resistance  as  a  function  of 
temperature.  The  PP-based  compound  performs  similarly  to  XLPE 


and  is  better  than  that  of  PVC.  As  temperatures  approach  the 
melting  point  of  PP  (162  C),  the  XLPE  provides  better  thermal  cut 
resistance.  Compared  to  PVC  and  XL-PE  or  PVC,  PP  has  more 
desirable  thermal  indentation  characteristics  in  the  temperature 
range  of-  40  to  145  C.  This  should  make  a  properly  designed  PP  a 
better  material  for  wire  and  cable  applications  where  service 
temperature  is  always  a  performance  consideration. 


Figure  1 .  SEM  of  Catalloy  soft  plastomers 

Effect  of  Melting  Point  on  Stiffness 
for  Neat  Polyethylene  Resins 


Melting  Point  (C) 

Figure  2.  Melting-modulus  characteristics  of 
Catalloy  soft  plastomer  vs.  PE 
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%  Indentation 


Temperature  (°C) 

Figure  3.  Indentation  of  PP  vs.  XL-PE  and  PVC 


flammability  targets.  At  those  high  Mg  (OH)2  loadings,  proper 
surface  treatment  of  FR  is  always  vital  to  assuring  good  dispersion 
of  hydrates  in  polymer.  Surface  treating  Mg  (OH)2  also  enhances 
greatly  the  compound  performance  such  as  compounding  operation 
and  physical  properties.  These  performance  features  can  benefit 
compound  manufacturers  and  wire  and  cable  producers  as  well  as 
application  end  users. 

Parallel  Plate  Rheology 
190C,  PP  based  Halogen  Free  TPO 
Specific  Gravity  - 1.38  g/cc 

1.00E+07 


1.00E+06 


<n 

O  1.00E+05 


1.00E+04 


2.  Flame  retardant  soft  thermoplastic  compositions 
containing  magnesium  hydroxide 

The  inherent  flame  retardant  quality  and  flexibility  of  PVC  make  it 
a  natural  fit  for  flame  retardant  wire  and  cable  applications. 
However  a  trend  to  eliminate  halogens  or  chlorine  in  specific  wire 
and  cable  markets  has  resulted  in  the  development  of  more 
advanced  halogen-free  polyolefins.  The  main  halogen  free 
technology  utilized  in  North  America  for  low  voltage,  thin  wall, 
automotive  wire  and  cable  is  crosslinked  polyethylene  (XLPE) 
utilizing  a  peroxide  curative.  In  order  to  achieve  necessary  flame 
retardancy  this  resin  is  filled  with  a  non-halogen  flame  retardant, 
typically  ATH  or  aluminum  trihydrate  at  levels  between  100  and 
150  phr.  The  wire  manufacturer  will  extrude  the  flame  retardant 
insulation  onto  the  conductor  below  the  activation  temperature  of 
the  peroxide  and  then  post  cure  or  crosslink  the  wire.  A  common 
method  to  cure  XLPE  is  by  exposing  the  insulated  or  jacketed  wire 
or  cable  to  a  continuous  vulcanizer  involving  high-pressure  steam 
(250  psi)  yielding  a  temperature  of  200  C.  Crosslinking  of  the 
polyethylene  is  necessary  to  achieve  the  elevated  heat  performance 
and  toughness  required  for  low  voltage  automotive  wire.  In  Europe, 
radiation  (e-beam)  or  silane  curative  technology  is  utilized  offering 
its  own  set  of  features.  The  specification  followed  for  automotive 
wire  in  North  America  is  SAE  J1678.  The  specification  provides 
requirements  for  abrasion,  flammability,  hot  knife  penetration,  heat 
aging,  -40  C  winding,  dynamic  bending,  and  salt  water  immersion 
at  elevated  temperature. 

Polypropylene-based  TPO  resins  offer  an  alternative  to  XLPE  for 
low  voltage  automotive  wire.  Polypropylene-based  TPO  Resins 
provide  a  higher  melting  point,  eliminating  the  need  for  a  complex 
and  expensive  crosslinking  step.  Due  to  higher  melting 
characteristics  of  PP  based  plastomers,  magnesium  hydroxide  (Mg 
(OH)2)  is  utilized  instead  of  ATH  to  impart  flame  retardancy.  The 
higher  decomposition  temperature  of  Mg  (OH)2  is  necessary  for 
production  and  fabrication  of  polypropylene-based  resins.  As  with 
XLPE,  high  loading  of  flame-retardant  is  required  to  achieve 


Figure  4a.  Low  shear  rheology 

In  order  to  incorporate  high  levels  of  flame  retardant  (100  -  150 
phr),  high  levels  of  plastomer  or  low  crystallinity  are  required  for 
the  base  resin.  Hifax  Q100F  is  a  low  crystalline,  highly  amorphous 
PP-based  plastomer.  Using  Hifax  Q100F  as  the  base  resin,  60%  by 
weight  of  silane-treated  (Mg  (OH)2)  was  compounded  into  EXP731 
and  EXP732.  EXP731  has  a  1.0  melt  flow  rate  and  EXP732  has  a  6 
melt  flow  rate. 

Figure  4  shows  low-shear  rhelogical  measurements  of  EXP731  and 
EXP732  compounds  containing  -60%  of  treated  Mg  (OH)2.  It  is 
interesting  to  note  that  tan  or  the  ratio  of  elastic  modulus  to  loss 
modulus  for  the  two  filled  compounds  behaves  quite  differently. 
Increasing  MFR  delays  peak  tan  while  increasing  the  maximum 
tan  .  By  selecting  right  polymers  with  appropriate  MFR  or 
molecular  weight,  one  can  control  the  modulus  response,  therefore 
the  compound  performance. 

Parallel  Plate  Rheology 
190C,  PP  based  Halogen  Free  TPO 
Specific  Gravity  - 1.38  g/cc 


0.01  0.1  1  10  100 


(rad/sec) 

Figure  4b.  Low  shear  rheology 
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In  order  for  a  semi-crystalline  polyolefin  based  resin  to  impart 
similar  thermoforming  characteristics  as  PVC,  some  level  of  melt 
elasticity  is  required.  Without  modifications  to  the  polyolefin 
plastomer,  an  abrupt  change  in  rheological  behavior  would  occur  at 
the  crystalline  melting  point  or  transition  temperature  of  the 
polymer.  This  would  result  in  an  extreme  reduction  in  stiffness  or 
plastic  deformation.  Melt  elasticity  is  provided  by  increasing  the 
network  structure  of  the  polymer  through  use  of  higher  molecular 
weight,  branched,  or  more  entangled  polymers. 

Improved  melt  elasticity  can  be  achieved  with  Hifax  Q100F  through 
small  additions  of  acrylate  coagents  cured  with  peroxide.  Coagents 
provide  the  saturated  EP  plastomer  in  Hifax  Q1  OOF  the  ability  to 
crosslink.  The  coagents  utilized  affect  only  the  state  of  cure  and, 
depending  on  the  polymer,  they  form  a  crosslinked  structure  based 
on  ionic  and/or  covalent  bonds.  Ionic  bonding  will  provide  low  tan 
delta  and  good  fatigue  resistance.  Small  additions  of  coagents  to 
Hifax  Q100F  will  reduce  the  tan  delta  at  0.01  radians/second  at 
180  C  from  approximately  3.0  to  0.6.  This  behavior  is  reflective  of 
a  dramatic  increase  in  melt  elasticity, 

3.  Flame  and  smoke  properties 

Flame  retardant  performance  is  generally  increased  with  increasing 
Mg  (OH)2.  Figure  5  indicates  such  relationship  as  measured  by 
Limiting  Oxygen  Index.  The  increased  Mg  (OH)2  loading  is  shown 
by  increased  compound  density.  Our  test  results  also  show  that  soft 
thermoplastic  plastomers  containing  60%  by  weight  of  Mg  (OH)2 
can  achieve  the  UL  94  V0  rating  at  1/1 6”  thickness. 

Compared  to  XL-P E/EVA,  the  soft  PP  has  slightly  better  smoke 
characteristics  as  shown  by  Figure  6,  both  non-flaming  and  flaming 
mode.  This  difference  is  probably  related  to  the  more  reactive 
chemical  nature  of  EVA  polymer  chains  vs.  EP-PP  plastomers. 

LOI  (ASTM  D2863)  vs  specific  gravity  for 
zero-halogen  PP-based  TPO  compounds 

35  | - - - . 


1.34  1.41  1.48 

Specific  Gravity  (g/cc) 


Figure  5.  Limiting  Oxygen  Index  vs.  compound 
4.  Mechanical  and  thermal  properties 

One  of  the  main  concerns  with  using  non-halogen  flame  retardants 
is  the  high  loading  needed  to  meet  FR  performance  requirements. 
As  a  result,  there  is  reduction  of  physical  properties  such  as  tensile 
elongation.  Figure  7  displays  such  effect  of  reduced  tensile 
elongation  with  increasing  Mg(OH)2  use,  reported  in  a  form  of 
compound  density.  However,  use  of  surface-coated  Mg(OH)2  can 
minimize  the  physical  property  loss.  In  addition,  choosing  specific 
surface  treatment  for  a  given  polymer  system  and  application  is 
always  critical  to  achieving  desired  wire  and  cable  performance. 
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Smoke  Density  Comparison 
ASTM  E662,  1.38  g/cc  Compound  Density 


Flaming 


Non-Flaming 


Figure  6.  Smoke  density  comparison  of  soft  PP  vs. 
XLPE/EVA 


Tensile  Elongation  vs  Specific  Gravity  for 
PP  Based  TPO  Halogen  Free  Compounds 
250  | - - 


1.34  1.41  1.48 


Specific  Gravity  (g/cc) 

Figure  7.  Elongation  at  break  vs.  soft  PP 
compound  density 


Table  3  lists  some  of  key  mechanical  property  measurements 
comparing  two  FR  compounds  using  a  same  amount  of  Mg(OH),, 
one  is  EVA  and  another  soft  thermoplastic  plastomer.  The  soft  PP  is 


Table  3.  Mechanical  property  comparison  of 
Mg(OH)2-filled  Catalloy  PP  vs.  EVA 


Property 

Unit 

EVA 

compound 

Catalloy  PP 
compound 

MFR 

g/10  min 

0.52 

0.55 

Density 

g/cm4 

1.4 

1.4 

Tensile 

strength 

MPa 

13 

13.4 

Elongation  at 
break 

% 

20 

120 

Tensile 

modulus 

MPa 

402 

430 

Taber 

abrasion 

%  wt  loss 

1.05 

1.26 

Izod  impact 

kg/rn^ 

18 

20 

Brittleness 

temp 

C 

11 

-24 

Vicat 

C 

68 

112 
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shown  to  have  improved  mechanical  properties  over  EVA, 
particularly  tensile  elongation  at  break  and  low  temperature 
brittleness,  both  having  important  value  to  wire  and  cable 
performance.  The  improved  ductility  and  toughness  demonstrated 
by  Catalloy  PP  is  attributed  to  its  unique  morphological 
characteristics  where  soft  EP  particles  dispersed  in  the  hard  matrix 
act  as  energy  dampers  as  well  as  providing  good  flexibility/stiffness 
balance. 

The  Mg(OH)2-filled  soft  PP  compound  also  shows  a  significantly 
higher  Vicat  softening  point  than  does  its  EVA  compound 
counterpart,  112  C  vs.  68  C  as  shown  by  Table  3.  This  will  allow 
for  enhanced  thermal  stability  of  wire  and  cable  products  including 
dimensional  stability,  without  losing  the  desirable  balance  of 
flexibility  vs.  stifftiess.  Figure  8  shows  both  Vicat  softening 
temperature  and  brittleness  temperature  as  a  function  of  soft  PP 
compound  density.  It  is  clear  that  increased  mineral  FR  level,  as 
reflected  by  increased  density,  tends  to  reduce  the  low-temperature 
performance  and  at  the  same  time,  to  improve  the  Vicat.  Therefore, 
in  addition  to  using  its  fire  performance  attribute,  Mg(OH)2  can  also 
be  used  to  control  certain  thermal  properties  of  wire  and  cable. 

Vicat  and  Brittleness  Temp,  vs  Specific 
Gravity 

1.34  1.41  1.48 


Specific  Gravity  (g/cc) 


Figure  8.  Thermal  property  of  Mg(OH)2  filled  soft  PP 


5.  Electrical  properties 

Like  other  polyolefins,  PP  has  excellent  electrical  properties 
compared  to  many  other  polymers  such  as  PVC.  The  Catalloy 
process,  using  advanced  catalyst  systems,  also  provides  polymers 
with  very  low  catalyst  residues,  thus  better  electrical  properties 
compared  to  other  polyolefins  that  contain  relatively  high  impurities 
from  the  catalyst.  Compared  to  EVA,  PP  is  also  a  relatively  better 
material  for  its  chemical  nature,  i.e.,  lack  of  more  polar  groups 
present  in  EVA.  Table  4  summarizes  several  electrical  properties 
comparing  60%  of  Mg(OH)2-filled  soft  PP  and  EVA. 


Table  4.  Electrical  property  comparison  of  soft  PP 
and  EVA  compound  _ 


Property 

EVA 

compound 

Catalloy  PP 
compound 

Dielectric  constant 

3.93 

3.30 

Dissipation  factor 

3.66 

3.18  1 

Volume  resistivity, 
ohms-cm 

2.9E+15 

4.0E+15 

Conclusions 

Polypropylene-based  plastomers  provide  good  elevated  temperature 
performance  with  a  low  crystallinity  facilitating  modification  with 
secondary  fillers  or  additives.  The  PP-based  polymers  do  not 
require  same  crosslinking  as  used  in  PE/EVA  to  achieve  elevated 
temperature  performance  and  toughness  when  filled  with  mineral 
based  non-halogen  flame  retardant. 

Soft  thermoplastic  plastomers  made  from  Catalloy  process 
polypropylene  are  shown  to  be  an  excellent  materials  for  use  as  a 
base  polymer  for  wire  and  cable  applications.  When  combined  with 
fine  particle  sized,  surface-coated  magnesium  hydroxide,  such  as 
Zerogen™  50SP,  these  soft  plastomers  can  provide  excellent 
compound  properties  of  value  to  wire  and  cable  applications  such  as 
automotive  wires. 

Compared  to  XLPE/EVA,  the  soft  thermoplastic  plastomers  when 
combined  with  properly  engineered  Mg(OH)2  offer  enhanced 
thermal  and  mechanical  properties.  Flame  retardancy  and  smoke 
performance  of  Zerogen™  50SP-filled  soft  PP  compounds  are 
expected  to  meet  critical  requirements  in  automotive  wire  and  cable 
applications.  The  zero-halogen,  low-smoke  polyolefin  compound 
are  considered  as  better  performing  alternate  to  PVC  and  XLPE 
counterparts. 
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Abstract 

Over  the  last  several  years  we  have  clearly  established  the  utility  of 
novel  NOR  type  hindered  amines,  such  as  NOR  1,  either  as  a  flame 
retardant,  or  flame  retardant  synergist  in  polypropylene  fibers  and 
thin  films.  Herein,  we  will  provide  an  update  on  the  recent  advances 
in  flame  retardant  compositions  for  polypropylene  injection 
molding  substrates  including  both  flame  retardant  efficacy  and  UV 
stability.  Overall,  we  have  found  that  these  novel  NOR  type 
hindered  amines  allow  for  i)  substantial  reduction  in  the 
concentration  of  the  halogenated  flame  retardants  and  mineral  fillers 
and  ii)  the  elimination  of  antimony  trioxide.  In  this  report  folly 
formulated  antimony  free  products  and  UV  stable  flame  retardant 
systems  comprised  upon  a  conventional  flame  retardant  and  a  light 
stabilizer  for  both  homopolymer  and  copolymer  injection  molding 
grade  polypropylene  will  be  presented. 


1.  Introduction 

The  performance  and  environmental  requirements  for  flame 
retardants  used  in  the  wire  and  cable  industry  are  continuously 
evolving.  Presently,  polyolefins  which  are  used  in  the  wire  and 
cable  construction  contain  flame  retardants  based  on  either  bromine 
and  phosphorous  in  combination  with  fillers  and  antimony  trioxide 
or  magnesium  hydroxide.  Although  these  particular  systems  are 
very  effective  in  providing  flame  retardant  efficacy  at  relatively  low 
cost,  they  raise  practical  and  environmental  concerns.  For  example, 
there  are  processing  problems  such  as  odor,  toxicity,  and  significant 
negative  impact  on  the  mechanical  properties  of  the  polymers 
associated  with  the  high  levels  of  the  flame  retardant  additives  and 
antimony  trioxide.  ^  In  addition,  brominated  aromatic  flame 
retardants  e.g.  Decabromodiphenyl  Oxide,  detrimentally  affect  the 
polymer  light  stability.  Furthermore,  in  some  European  countries 
several  proposals  have  been  initiated  to  ban  the  use  of  certain 
brominated  flame  retardants  and  antimony  trioxide.3’4  Accordingly, 
an  opportunity  to  replace  these  conventional  systems  containing 
halogenated  flame  retardants  and  antimony  trioxide  has  developed. 


2.  Results  and  Discussion 

2.1  Flame  Retardant  Efficacy 

N-alkoxy  hindered  amines  were  first  introduced  as  non-interacting 
light  stabilizers  for  automotive  coatings,  flame  retarded  fiber  and 
agricultural  film  applications.5  Papers  have  been  already  presented 
demonstrating  the  efficacy  of  N-alkoxy  hindered  amines  with 
brominated  flame  retardants  and  UV  stabilizere.6  These  papers 
however,  only  describe  the  light  stabilization  performance  and  do 
not  show  any  flame  retardant  efficacy  data.  It  was  believed  at  that 
time  that  the  non-interactive  nature  of  NOR  HALS  with  the  halogen 
in  the  brominated  flame  retardant  positively  influenced  the 
performance.  Subsequently,  when  NORs  were  tested  for  flame 
retardancy  without  the  presence  of  brominated  flame  retardants,  it 
was  observed  that  they  provide  flame  retardant  efficacy  to 


polypropylene  fibers.  The  efficacy  of  NOR  1  as  a  flame  retardant  in 
passing  flame  retardant  industry  standard  tests  such  as  NFPA  701  at 
surprisingly  low  concentrations  was  discussed  in  a  previous  paper.7 
The  present  report  discusses  the  flame  retardant  efficacy  of  folly 
formulated  products  containing  NOR  1 . 

Based  on  the  initial  range  finding  work  we  have  carried  out  in  our 
labs,  we  were  unable  to  achieve  a  UL  rating  with  NOR  1  alone  in 
polypropylene  molded  plaques.  Following  up  the  promising  results 
in  polypropylene  fiber,  experimental  blends  of  halogenated  and  non 
halogenated  flame  retardants  with  NOR  1  were  evaluated  in 
polypropylene.  The  results  obtained  from  products  A,  B,  and  C  are 
summarized  in  Table  1  .The  concentration  (weight  percent)  of  the 
products  in  the  flame  retardant  homopolymer  grade  polypropylene 
is  referring  to  the  total  composition  (see  Table  1). 


Table  1.  UL-94  Vertical  Bum  Test  Results  in 
Polypropylene  Plaques  (1.6mm) 


Product 

Concentration  (%)  for  V-O 

Concentration  (%)  for  V-2 

A 

16 

3.5 

B 

N/A 

5.5 

C 

N/A 

17.0 

The  results  suggest  that  NOR  1  could  effectively  replace  antimony 
trioxide  and  achieve  the  same  degree  of  flame  retardant  efficacy  that 
traditional  halogenated/antimony  trioxide  systems  have  provided. 
The  flame  retardant  efficacy  was  evaluated  according  to  the  UL  94 
protocol  for  injection  molded  items  (please  see  the  experimental 
section  for  details).  Most  notably,  a  V-0  rating  is  achieved  by  the 
antimony  free  product  A.  The  flame  retardant  polymer  show  less 
than  one  second  after  flame  time  (self  extinguished)  and  although  it 
is  dripping  upon  application  of  the  flame,  the  drops  do  not  ignite  the 
cotton  underneath  the  plaque. 

Antimony  free  V-2  ratings  are  also  achieved  with  remarkably  low 
concentrations  of  products  A  and  B.  The  loading  (weight  percent) 
for  each  product  is  referring  to  the  total  composition  of  the  flame 
retarded  polypropylene.  The  flame  retardant  polymer  in  both  cases, 
show  less  than  one  second  after  flame  time  (self  extinguished). 
However,  the  dripping  in  this  case  ignites  the  cotton  underneath  the 
plaques. 

There  are  numerous  advantages  to  benefit  from  the  new,  antimony 
free,  products.  It  is  observed  that  antimony  trioxide  free  flame 
retardant  products  result  in  substantially  decreased  smoke  density 
and  improved  physical  and  mechanical  properties  such  as  density, 
tensile  and  impact  strength.  In  addition,  the  substantially  lower 
effective  concentrations  of  the  flame  retardant  results  in  polymers 
with  better  melt  processability,  lower  density  and  better  physical 
and  mechanical  properties. 

The  non-halogenated,  antimony  free  product  C  which  results  in  a  V- 
2  performance  rating  in  flame  retardant  polypropylene  molding,  is 
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also  very  exciting.  Again,  the  product  is  based  on  NOR  1  and  the 
concentration  (weight  percent)  is  referring  to  the  total  composition 
of  the  homopolymer  polypropylene. 


2.2  UV  Light  Stability 

The  UV  light  stability  of  molded  polypropylene  items  and  other 
polymers  containing  aromatic  brominated  flame  retardants  is  an 
ongoing  challenge  in  many  outdoor  applications.  Aromatic  flame 
retardants  are  strongly  UV  absorbing.  Exposure  to  UV  radiation 
will  cause  the  flame  retardant  to  undergo  photolytic  cleavage, 
releasing  halogen  radicals.  The  halogen  radicals  abstract  hydrogens 
from  the  polymer.  The  reaction  inevitably  results  in  chain  scission 
or  cross-linking  with  the  consequent  rapid  loss  of  polymer  physical 
properties.  UV  absorbers  can  be  employed  to  somewhat  slow  the 
rate  of  halogen  evolution.  However,  performance  enhancements  are 
often  marginal.  Light  stabilization  studies  which  were  conducted 
with  brominated  flame  retardants  and  conventional  hindered  amines 
(HALS),  and  NOR  HALS  confirmed  that  NORs  perform 
significantly  better  than  conventional  light  stabilizers  in  the 
presence  of  brominated  flame  retardants. 

The  N-alkoxy  hindered  amines  (NOR  HALS)  are  by  far  less  basic 
than  N-H  hindered  amines  (HALS).  With  their  pKa’s  in  the  range  of 

4.2  -  4.7,  they  experience  significantly  lower  levels  of  acid/base 
type  interactions  compared  to  traditional  HALS.  In  flame  retardant 
compositions,  NORs  are  not  prone  to  the  acid/base  reactions  and  are 
free  to  act  as  UV  stabilizers.  In  non  flame  retardant  formulations 
they  provide  a  level  of  performance  consistent  with  traditional 
HALS. 

Weathering  of  unstable  polymer  compositions,  containing  flame 
retardants  and  light  stabilizer  (LS)  will  lead  to  premature 
discoloration  and  surface  cracking.  Therefore,  the  selection  of  the 
best  combination  of  flame  retardant  and  light  stabilizer  becomes 
critical.  The  ideal  UV  stable  system  is  defined  by  the  following 
criteria: 

To  be  effective  at  low  concentrations  (no  effect  on  mechanical 
properties) 

To  be  thermally  stable  (not  decomposed  during 
compounding/molding) 

To  be  compatible  with  the  polymer  matrix  (easy  to  disperse) 

To  be  UV  stable  and  not  pro-degradative  to  the  polymer  when 
exposed  to  light 

The  flame  retardant  has  minimal  interaction  with  light 
stabilizer, 

the  light  stabilizer  must  be  highly  effective  in  the  chosen 
matrix 

Traditional  aliphatic  and  aromatic  flame  retardants  combined  with 
traditional  HALS  are  not  capable  of  maintaining  surface  gloss  for 
significant  periods  of  time.  System  D  is  comprised  upon  a 
halogenated  flame  retardant  and  a  light  stabilizer  targeted  at 
achieving  a  V-2  level  of  flame  retardant  efficacy  and  a  high  level  of 
UV  stability.  Gloss  retention  reaches  to  several  thousand  hours, 
which  allows  for  extended  periods  of  outdoor  use  for  these 
polymers.  Figure  1  shows  the  change  in  gloss  as  a  function  of 
accelerated  weathering  (WOM,  wet)  of  a  copolymer  grade  of 
polypropylene.  A  complete  loss  of  gloss  will  lead  to  a  polymer 
surface  that  is  chalked  or  cracked  and  significantly  degraded  in 
appearance. 

The  resin  used  in  this  particular  experiment  is  blown  molding  grade 
polypropylene  with  MFI  0.3  and  containing  0.2%  Cromopthal  Blue 
4GNP.  The  same  light  stabilizer  (LS)  was  used  in  all  formulations 
(at  0.5%  loading).  The  flame  retardant  was  used  in  a  concentration 
to  achieve  a  V-2  UL  rating.  Flame  retardant  1  is  aromatic  while 
flame  retardant  2  is  aliphatic.  Figure  2  shows  the  actual 


photographs  taken  from  these  polymer  formulations  after  several 
weathering  intervals. 


hours  WOM  wet,  0.35  W/m2  at  340nm 


-4- Flame  Retardant  1 
(aromatic)  +  LS 

•e  Hame  Retardant  2 
(aliphatic)  +  LS 

System  D 


Figure  1:  Change  of  Gloss  as  a  Function  of 
Accelerated  Weathering  (WOM) 


Artificial  Weathering:  WOM  Ci  65, 0.35W/m  2  340nm,  wet  condition 
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Figure  2:  Influence  of  the  Flame  Retardant  on  the 
UV  Stability  of  the  Polymer 


Figure  3  demonstrates  that  some  non-halogen  flame  retardants  can 
also  have  deleterious  effects  on  UV  stability.  In  this  example  the 
light  stabilizer  is  the  same  in  all  formulations.  It  is  important  to 
recognize  that  the  flame  retardant  has  the  most  significant  impact  on 
the  level  of  UV  stability. 


hours  WOM  wet,  0.35  W/m2  at  340nm 

Figure  3:  Color  Change  as  a  Function  of  Weathering 


2,3  Mechanistic  Considerations 

It  is  known  from  earlier  research  work  that  thermolysis  of  NOR 
hindered  amines  may  follow  two  seemingly  similar,  but  distinctly 
different  reaction  pathways.  The  two  cleavage  processes  are  as 
follows: 

>NO-R  >NO*  +  *R 

(aminoether)  (nitroxyl  radical)  (alkyl  radical) 

>N-OR  >N*  +  -OR 

(aminoether)  (aminyl  radical)  (alkoxy  radical) 
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It  can  be  seen  that  the  thermally  induced  breakdown  of  NOR 
hindered  amines  may  lead  to  the  formation  of  either  alkyl  and 
nitroxyl  radicals,  or  alkoxy  and  aminyl  radicals.  The  relative  extent 
of  these  two  reactions  depends  on  the  chemical  structure  of  the 
starting  NOR  aminoether.  Aminyl  and  alkoxy  radicals  are  very 
reactive  and  may  be  involved  in  the  free  radical  chemical  reactions 
during  the  combustion  process.  The  effect  of  aminyl  radicals  on 
polyolefins  at  higher  temperatures  are  under  investigation.  On  the 
other  hand,  effect  of  alkoxy  radicals  on  polyolefins  has  been  widely 
studied.  Alkoxy  radicals  may  promote  chain  scission  or  crosslinking 
reactions  in  polyolefins  depending  on  the  polymer  molecular 
architecture.  Alkoxy  radicals  promote  chain  scission  of 
polypropylene,  while  in  most  cases  promote  crosslinking  or  chain 
enlargement  of  polyethylene. 

Ignition  of  a  polymer  results  in  the  formation  of  volatile  combustion 
products.  When  these  combustion  products  bum,  they  release  heat. 
This  heat  energy  from  the  flame  is  then  fed  back  to  the  polymer  to 
sustain  the  burning  process.  It  is  believed  that  the  thermolysis  of 
NOR  hindered  amines  and  the  consequent  generation  of  the  radical 
species  from  the  NOR  significantly  reduces  the  amount  of  thermal 
feedback  from  the  flame  thereby  providing  flame  retardant  efficacy. 
Extensive  research  has  been  done  in  the  area  of  using  various 
radical  generators  as  flame  retardants  and  flame  retardant 
synergists.8  A  possible  explanation  for  the  flame  retardant 
performance  obtained  by  using  products  containing  NOR  1  and 
halogenated  flame  retardants  is  the  following:  generation  of  aminyl, 
alkoxy  and  nitroxyl  radicals  from  the  NOR  compound  can  interact 
with  the  halogenated  compounds  and  facilitate  the  release  of 
halogen,  thereby  improving  the  flame  retardant  performance.  Also, 
radical  reactions  between  the  NOR,  halogenated  flame  retardant  and 
the  polymer  may  lead  to  more  efficient  condensed  phase  reactions, 
resulting  in  improved  flame  retardant  efficacy. 

2.4  Experimental  Details 

Each  of  the  formulations  were  melt  compounded  with  a  twin  screw 
extruder  and  then  injection  molded  into  plaques.  The  plaques  (1.6 
mm  thickness)  were  injection  molded  using  a  laboratory  Boy 
Injection  Molder.  The  detailed  conditions  for  compounding  and 
injection  molding  of  the  plaques  are  summarized  in  Appendix  2. 
The  UL-94  testing  was  performed  according  to  the  UL  protocol.9 
The  plaques  were  conditioned  prior  testing  (48  h,  room  temperature 
at  50%  humidity).  Please  note,  various  factors  such  as  homogeneous 
dispersion  of  the  flame  retardant  in  the  polymer,  presence  of 
pigments  and  other  additives,  material  construction,  and  other 
sources  of  variability  in  the  samples  may  play  a  role  on  the 
measured  flame  retardant  efficacy.10 

The  artificial  weathering  (WOM,  wet)  was  conducted  at  0.35  W/m2 
at  340  nm. 

3.  Conclusions 

The  conclusions  derived  from  this  investigation  can  be  summarized 
as  follows: 

Improved  flame  retardant  efficacy  and  UV  stability  can  be 
achieved  in  polypropylene  molded  plaques  through  our  light 
stable  flame  retardant  systems. 

In  products  A,  B  and  C  NOR  1  clearly  enhances  the 
performance  attributes  with  both  halogenated  and  non 
halogenated  flame  retardants  in  molded  items  to  achieve  V-0 
and  V-2  UL  ratings.  Using  this  technology,  it  is  possible  to 
design  flame  retardant  polypropylene  compositions  with  lower 
levels  of  halogenated  or  non  halogenated  flame  retardants.  It  is 
also  possible  to  eliminate  the  presence  of  antimony  trioxide. 

The  lower  levels  of  products  A,  B  and  C  and  the  absence  of 
antimony  trioxide,  provide  better  processability,  lower  density, 


lower  smoke  density,  improved  physical  and  mechanical 
properties.  In  addition,  they  are  in  compliance  with  both 
existing  and  anticipated  environmental  regulations  and  also 
provide  safer  use  and  recycling. 
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Appendix  1.  Description  of  Stabilization 
Chemistries 


Code 

Class 

Trade  Name 

Stabilizer  Function 

NOR  1 

HALS  NOR 

Flamestab  NOR  116 

UV  Stability; 

Long  Term  Thermal  Stability 
Flame  Retardant 

Appendix  2.  Experimental  Design 

Polymer  ID#:  Profax  6501 


Compounding: 


Injection  Molding: 


UL-94  Burn  Test: 


Weathering: 


Dry  mixing  of  all  components  for  30 
min;  Leistritz  27mm  Twin  Screw 
Extruder;  Extruded  under  nitrogen; 
200  °C;  300  RPM 

400  °  F  at  Nozzle;  375  °F  at  Zone  1,2 
and  3;  75  °C  Molding  Temperature; 
60  Screw  Speed 

Plaques  were  prepared,  conditioned 
and  tested  according  to  the  UL-94 
protocol 

Xenon  Weatherometer  WOM  Ci  65; 
Continuous  Light;  Spray  1 8 
minutes/120;  0.35  W/m2;  at  340  nm. 
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Abstract 

Due  to  strict  environmental  regulations,  insulating  materials  for 
electrical  wires  are  required  to  be  not  only  flame  retardant  but  also 
generate  very  low  smoke  upon  flaming.  Insulation  systems 
containing  halogens  evolve  harmful  hydrogen  halide  gases  upon 
burning.  These  gases  are  acidic  and  toxic  in  nature.  Due  to  this 
reason,  there  have  been  increased  requirements  to  use  insulation 
systems  that  contain  halogen  free  flame  retardants.  However,  in 
order  to  impart  a  similar  level  of  flame  retardency  as  halogen 
containing  compounds,  these  materials  must  have  a  very  high  level 
of  fillers  such  as  metal  hydroxides  and  other  inorganic  materials. 
Unfortunately,  such  high  loadings  of  halogen  free,  flame-retarding 
agents  adversely  impact  the  physical  and  mechanical  properties 
(e.g.,  toughness,  flexibility)  and  processability  of  the  resulting 
insulating  material. 

The  present  paper  describes  the  development  of  a  low-smoke, 
halogen  free  flexible  dual  layer  insulation  system  (Flexrad™  HF 
Dual  Wall),  which  demonstrates  excellent  mechanical,  thermal  and 
flame  characteristics.  A  key  characteristic  of  this  dual  wall  system 
is  the  ratio  of  the  inner  to  the  outer  layer  thickness.  The  results  of 
an  experiment  to  determine  an  optimum  ratio  of  the  inside  XLPO 
layer  to  the  outside  jacket  layer  are  discussed.  We  conclude  that  the 
thickness  of  the  jacket  layer  relative  to  the  thickness  of  the  inside 
insulating  layer  will  influence  the  ability  of  the  wire  to  meet  the 
stringent  requirements  of  the  UL  VW-1  Vertical  Flame  Test. 
Further,  this  thickness  ratio  influences  the  ability  of  the  wire  to 
demonstrate  very  high  cut-through  resistance. 

Keywords 

Dual  Layer;  Halogen-free;  Cut  through  Resistance;  VW-1  Flame; 
IEEE-383;  Flexrad™  HF  Dual  wall. 

1.  Introduction 

Insulation  systems  used  in  electronics  and  telecommunications 
equipments  have  in  the  past  relied  on  halogenated  materials.  These 
materials  provide  the  required  flame  resistance  to  the  overall 
insulation.  They  also  have  good  combination  of  physical  and 
mechanical  properties.  One  of  the  key  requirements  for  use  of 
wires  and  cables  employing  these  insulation  systems  is  their 
flexibility  and  resistance  to  physical  abuse.  A  typical  application  of 
these  wires  is  in  power  switching  equipment  inside  buildings.  In 
this  application  the  wire  and/or  cable  is  routed  through  several 
installations  and  in  doing  so  comes  in  contact  with  sharp  metal 
edges.  As  a  result  it  is  subjected  to  severe  physical  abuse. 


Consequently  the  wire  or  cable  is  expected  to  be  very  flexible  and 
tough.  Also  since  cables  are  installed  inside  the  building,  they  are 
required  to  have  a  flame  rating  of  at  least  VW-1  if  rated  UL  or 
preferably  IEEE-383  vertical  tray  flame  rating. 

Over  the  years,  either  single  or  dual  wall  insulated  XLPVC  and 
XLPE  wires  containing  halogenated  flame  retardants  have  been 
used  for  such  applications.  But  in  recent  times  due  to  strict 
environmental  regulations  regarding  recyclability  and  potentially 
harmful  nature  of  these  materials,  they  have  come  under  increased 
scrutiny.  The  alternative  materials,  which  are  being  increasingly 
used,  are  halogen  free  polymers.  Halogen  free  polyolefins  are 
excellent  candidates  since  most  are  readily  crosslinked  using 
irradiation  crosslinking  technology.  Irradiation  crosslinking 
significantly  increases  the  heat  resistance,  chemical  resistance  and 
mechanical  strength  of  the  insulation.  However,  in  the  case  of  the 
halogen  free  polyolefins,  the  base  resin  must  have  excellent  filler 
acceptance.  Materials  such  as  ethylene  copolymers  are  typically 
used  since,  although  these  materials  tend  to  be  relatively  soft  in 
nature,  they  tend  to  accept  high  loadings  of  halogen  free  flame 
retardants.  Since  the  flame  retardency  of  the  compound  is 
dependent  upon  the  loading  of  the  halogen  free  flame  retardant  in 
the  compound,  relatively  high  loadings  of  fillers  are  required  to 
achieve  VW-1  flame  retardency  required  for  wire  used  in 
electronics  and  telecommunications  equipment. 

The  present  paper  discusses  dual  layer  insulation  systems  where  the 
inside  layer  (first  insulating  layer)  consists  of  a  crosslinked,  highly 
flame  retardant,  and  halogen  free  polyolefin  material  (XLPO).  A 
comparison  of  various  jacket  layers  is  made.  The  first  insulating 
layer  provides  the  overall  flame  retardency  and  flexibility  to  the 
dual  wall  insulation  system  whereas  the  jacketing  materials  provide 
toughness  while  maintaining  flexibility.  Flame  retardency  is 
usually  measured  by  the  Limited  Oxygen  Index  (LOI).  The  LOI  of 
any  material  is  the  percent  of  oxygen  needed  in  the  atmosphere  to 
sustain  its  combustion.  In  other  words,  higher  the  LOI,  the  more 
flame  retardant  is  the  material.  The  LOI  of  the  first  insulating 
material  in  our  study  is  48.  In  order  to  obtain  such  high  level  of 
flame  retardency,  high  level  of  filler  loading  is  required  which  tends 
to  lower  the  physical  and  mechanical  properties  of  the  first 
insulating  layer.  The  purpose  of  this  investigation  was  to  enhance 
the  mechanical  properties  of  the  wire  through  the  addition  of  the 
outer  jacket  layer.  The  balance  of  flame  retardency,  flexibility  and 
mechanical  properties  was  investigated  by  adjusting  the  ratio  of  the 
first  to  the  second  insulating  layer.  The  goal  was  to  develop  a 
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flexible  insulation  system  that  will  be  easily  routed  in  very  tight 
places.  The  effect  of  the  thickness  of  the  jacket  layer  relative  to  the 
thickness  of  the  inside  insulating  layer  was  investigated  to 
determine  its  influence  on  the  ability  of  the  wire  to  meet  the 
stringent  requirements  of  the  UL  VW-1  Vertical  Flame  Test. 
Further,  the  effect  of  this  thickness  ratio  on  the  ability  of  the  wire  to 
demonstrate  satisfactory  cut  through  resistance  was  explored. 

2.  Experimental 

For  the  purpose  of  this  study,  wire  samples  were  extruded  on  10  AWG 
105  strands  tinned  copper  conductor.  The  thickness  of  the  first 
insulating  layer,  namely  halogen  free  flame  retarded  polyolefin  was 
kept  constant  at  0.685  mm.  The  wire  samples  were  extruded  with  the 
said  first  layer  thickness  and  then  crosslinked  via  electron  beam.  The 
jacket  layer  was  then  extruded  over  the  crosslinked  first  layer  to  make 
the  dual  wall  insulated  wire  product.  The  jacket  layer  or  the  second 
insulating  layer  thickness  was  varied  from  0.10  mm  to  0.25  mm  to 
make  different  ratios  of  first  to  the  second  layer.  For  the  purpose  of 
this  study,  several  types  of  jacket  layer  materials  were  evaluated  to 
find  the  best  combination  which  would  give  a  balance  of  flame  and 
mechanical  properties  without  sacrificing  the  overall  flexibility.  In 
addition  to  polyamides,  HDPE,  Thermoplastic  Alloy  (TPA)  and 
Thermoplastic  Elastomer  (TPE)  were  used  as  jacket  materials  in 
various  thickness.  The  two  key  properties  which  were  measured  on 
the  dual  layer  insulated  wire  products  were  (1)  VW-1  flame  property 
and  (2)  Room  and  high  temperature  cut  through  resistance. 

2.1  VW-1  Flame  Resistance 

The  insulated  wire  samples  were  tested  for  flame  resistance  in 
accordance  with  the  test  method  set  forth  in  the  UL  VW-I  Flame 
Test  described  in  UL  1581  test  standard.  In  this  test,  insulated  wire 
samples,  each  measuring  approximately  450mm  in  length,  were 
supported  vertically  in  a  rectangular  test  apparatus  housed  within  a 
draft-free  chamber.  The  draft-free  chamber  has  greater  than  or  equal 
to  4m3  of  interior  volume.  The  lower  end  of  each  wire  sample  was 
exposed  by  a  laboratory  burner  (as  described  in  ANSI/ASTM  D 
5025-94)  positioned  at  a  20°  angle  from  the  vertical  plane  of  the 
longitudinal  axis  of  the  wire,  to  five-15  second  exposures  of  flame. 
The  period  between  exposures  was:  15  seconds,  if  flaming  ceased 
in  less  than  or  equal  to  15  seconds;  or,  the  duration  of  flaming,  if 
flaming  persisted  for  greater  than  15  seconds.  A  flat,  6mm  thick 
layer  of  dry,  surgical  cotton  was  positioned  on  a  bottom  tray  of  the 
test  apparatus.  The  bottom  tray  measured  300mm  in  width  and 
355mm  in  depth,  and  was  positioned  230  to  240mm  from  the  lower 
end  of  each  wire  sample.  A  kraft  paper  flag,  measuring  10mm  in 
width  and  0.5mm  in  thickness,  was  placed  250mm  above  the  lower 
end  of  each  wire  sample,  where  the  flame  was  to  touch  the  sample. 
The  test  was  deemed  passed  if:  (1)  the  fire  from  the  flaming  wire 
sample  extinguished  within  60  seconds  for  each  of  the  five 
exposures;  and  (2)  the  absorbent  cotton  and  the  kraft  paper  flag  did 
not  catch  fire. 


2.2  Cut  through  Resistance 

The  cut-through  test  measures  the  resistance  of  any  wire  insulation 
to  the  penetration  of  a  cutting  surface  and  simulates  the  type  of 
damage  that  can  occur  when  a  wire  is  forced  by  mechanical  loading 
against  a  sharp  edge.  The  test  was  performed  at  room  temperature 
(23  °C),  at  60°C,  and  at  90°C,  to  evaluate  the  effect  of  the  elevated 
temperature  on  the  dual  layer  insulation  performance.  The  standard 
cutting  edge  used  was  stainless  steel  and  had  a  radius  of  0.406  mm. 
For  each  test,  the  wire  from  an  insulated  wire  sample  measuring 
75mm  in  length,  was  removed  and  replaced  with  a  steel  mandrel 
having  the  same  outside  diameter  as  the  wire.  The  sample  was  then 
clamped  in  place  between  a  blade  and  a  flat  plate  within  an  Instron 
universal  mechanical  tester,  and  the  ends  of  the  steel  mandrel 
connected  to  an  18V  DC  electrical  circuit.  The  cutting  edge  of  the 
blade  was  oriented  perpendicularly  to  the  axis  of  the  sample.  The 
cutting  edge  was  then  forced  through  the  insulation  at  a  constant 
rate  of  1.27  mm  per  minute  until  contact  with  the  steel  mandrel 
occurred.  A  detection  circuit  sensed  contact  of  the  cutting  edge 
with  the  steel  mandrel  and  recorded  the  maximum  force 
encountered  during  the  test.  The  test  was  then  repeated  three  times 
rotating  the  sample  at  approximately  90°  between  tests  to  offset  the 
effect  of  eccentric  insulation.  The  reported  cut-through  resistance 
was  the  arithmetic  mean  of  four  tests  performed  on  each  sample. 

3.  Results  and  Discussion 

3.1  VW-1  Flame 

Table  1  contains  all  the  key  data  namely  VW-1  flame  results  and 
the  cut  through  resistance  (kgf.)  of  various  dual  layer  wire  samples 
having  different  outer  layer  jackets.  As  described  earlier,  for  the 
purpose  of  this  study,  the  first  insulating  layer  thickness  was  kept 
constant  at  0.685  mm.  This  halogen  free  flame  retarded  material 
(XLPO)  is  UL  rated  material  (AWM  Style  3385,  3386)  with  a  VW- 
1  rating  by  itself.  In  other  words,  it  meets  this  flame  requirement  in 
all  the  conductor  sizes  and  insulation  thicknesses.  On  the  other 
hand,  inherent  flame  retardency  of  various  jacket  layer  materials 
evaluated  was  lower  than  the  inside  layer  material.  As  a  result  the 
overall  flame  resistance  of  the  dual  layer  wire  products  was 
compromised  by  adding  the  jacket  layer.  Also  this  flame  resistance 
decreases  as  the  jacket  layer  thickness  increases.  This  is  evident 
from  the  data  shown  in  Table  1 .  As  we  can  see,  except  for  PA4  and 
TPE  jacket  layer,  all  the  samples  with  jacket  thickness  more  than 
0.10  mm  failed  the  VW-1  flame  test.  The  wire  samples  with  PA4  as 
jacket  layer  material  met  this  requirement  for  all  thickness 
evaluated.  This  is  because  PA4  selected  was  a  flame  retarded 
polyamide  with  V-0  rating.  This  material  was  a  halogen  free  flame 
retarded  polyamide  with  LOI  of  more  than  28.  The  TPE  jacket 
evaluated  was  inherently  flame  retardant  material  and  hence  met 
VW-1  with  0.15mm  thickness.  Besides  these  two  jacket  materials, 
the  remaining  materials  evaluated  did  not  have  sufficient  flame 
retardency  to  extinguish  flame  within  60  s  when  subjected  to  the 
flame  test  on  wire  sample. 


International  Wire  &  Cable  Symposium 


598 


Proceedings  of  the  51st  IWCS 


3.2  Cut  Through  Resistance 

The  other  key  property  measured  on  the  dual  layer  insulated 
products  was  cut  through  resistance  as  described  earlier  in  the 
experimental  section.  This  property  strongly  depends  on  the  overall 
toughness  of  the  product.  The  inside  XLPO  layer  is  very  flexible 
and  has  satisfactory  physical  properties  (Eb  >  150%,  Tb  >  10.5  MPa) 
but  is  relatively  soft  in  nature.  As  a  result  it  is  not  a  suitable  material 
to  use  in  applications  where  wire  may  be  under  severe  mechanical 
abuse.  On  the  other  hand,  all  the  jacket  materials  evaluated  have 


much  higher  tensile  modulus  than  the  first  insulating  layer.  As  a 
result  the  dual  wall  products  provided  toughness  to  the  overall 
insulation.  These  materials  have  varying  amount  of  flexibility  and 
depending  on  their  individual  flexural  modulus,  make  the  overall 
dual  layer  wire  product  more  or  less  flexible  than  the  single  layer 
insulated  wire.  As  seen  in  Table  1,  the  room  temperature  as  well  as 
elevated  temperature  cut  through  resistance  in  general  increases 
with  an  increase  in  jacket  layer  thickness. 


Table  1.  Flame  and  Cut  through  Properties  of  Various  Dual  Layer  Insulated  Wires 


Thickness 

Layer 

VW-1 

Cut  Through  Resistance  (Kg.) 

(mm) 

Thickness 

Ratio 

Flame  (P,F) 

First  Insulating  Layer 

0.685 

at  25°C 

at  60°C 

at  90°C 

(XLPO) 

Second  Insulating  Layer  (Jacket) 

PA1 

0.10 

1:0.25 

PASS 

22.8 

12.7 

5.5 

0.15 

1:  0.22 

FAIL 

24.7 

8.0 

7.9 

0.20 

1:0.29 

FAIL 

23.3 

13.0 

6.0 

0.25 

1:0.36 

FAIL 

19.6 

8.9 

5.8 

PA2 

0.10 

1:0.25 

PASS 

23.5 

9.5 

7.2 

0.15 

1:0.22 

FAIL 

— 

— 

— 

0.20 

1:0.29 

FAIL 

— 

— 

— 

0.25 

1:0.36 

FAIL 

— 

— 

— 

PA3 

0.10 

1:0.25 

PASS 

34.1 

21.2 

17.9 

0.15 

1:0.22 

FAIL 

— 

— 

— 

0.20 

1:0.29 

FAIL 

— 

— 

— 

0.25 

1:0.36 

FAIL 

— 

— 

— 

PA4 

0.10 

1:0.25 

PASS 

22.9 

10.8 

8.9 

0.15 

1:0.22 

PASS 

23.9 

12.6 

8.4 

0.20 

1:0.29 

PASS 

26.8 

17.3 

9.2 

0.25 

1:0.36 

PASS 

34.2 

21.5 

13.0 

TPA 

0.10 

1:0.25 

PASS 

25.3 

9.9 

9.2 

0.15 

1:  0.22 

FAIL 

— 

— 

— 

0.20 

1:0.29 

FAIL 

— 

— 

— 

0.25 

1:0.36 

FAIL 

— 

— 

— 

TPE 

0.10 

1:0.25 

PASS 

18.3 

5.8 

3.8 

0.15 

1:0.22 

PASS 

21.9 

8.2 

4.5 

I  0.20 

1:0.29 

FAIL 

25.4 

8.5 

6.1 

0.25 

1:0.36 

FAIL 

27.2 

10.5 

6.5 

HDPE 

0.10 

1:  0.25 

PASS 

14.7 

7.2 

4.8 

0.15 

1:0.22 

FAIL 

18.2 

8.0 

4.3 

0.20 

1:0.29 

FAIL 

24.8 

6.6 

5.6 

0.25 

1:0.36 

FAIL 

22.2 

9.3 

6.4 

Control  (XLPO) 

0.102 

N/A 

PASS 

16.8 

4.2 

1.3 
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The  elevated  temperature  cut  through  value  depends  on  the  thermal 
behavior  of  the  outside  jacket  layer  material.  All  the  jacket 
materials  evaluated  were  partly  crystalline  in  nature  with  melting 
points  higher  than  100°C.  PA1,  PA4,  TPE  and  HDPE  materials 
were  tested  for  cut  through  resistance  for  all  the  three  temperatures 
and  jacket  layer  thickness  of  up  to  0.25  mm.  Of  all  the  materials 
evaluated,  PA3  had  the  highest  room  temperature  cut  through 
resistance  while  PA1  had  the  highest  flexibility  amongst  all  the 
materials  evaluated.  Figure  1  shows  the  bar  graph  of  cut  through 
resistance  values  at  three  selected  temperatures  of  all  the  materials 
including  the  control.  Figure  1  data  shows  dual  layer  samples  with 
jacket  layer  thickness  of  0.10  mm.  The  control  sample  is  an 
equivalent  thickness  wire  sample  made  only  with  the  XLPO 
material.  As  seen  in  Figure  1,  the  cut  through  resistance  of  the 
inside  XLPO  layer  is  inferior  to  the  dual  layer  systems,  especially  at 
elevated  temperatures.  This  is  because  the  nature  of  this  material  is 
such  that  even  though  it  is  crossslinked,  it  has  a  tendency  to  become 
soft  at  high  temperatures.  As  a  result,  its  cut  through  resistance 
becomes  smaller  as  the  temperature  increases.  The  jacket  layers 
have  much  higher  heat  resistance  and  protect  the  inside  layer  when 
subjected  to  physical  and  mechanical  abuse.  Of  all  the  jacket  layers 
evaluated,  PA3  was  found  to  have  highest  elevated  cut  through 
resistance  but  was  not  tested  for  higher  jacket  layer  thickness.  The 
reason  was  because  at  higher  jacket  thickness,  in  addition  to  not 
meeting  the  flame  requirement,  it  was  also  the  most  stiff  material. 


Type  of  Jacket  Material 


material  was  then  later  qualified  under  UL  appliance  wire  (AWM 
style  3660)  and  is  being  currently  used  in  commercial  applications. 
This  dual  wall  product  in  all  conductor  sizes  also  meet  or  exceed 
the  requirements  of  IEEE-383  vertical  tray  flame  test  as  well  as 
smoke  density  test  described  in  IEC  61034-2  as  well  as  UL  1685 
(Limited  Smoke  ).  All  these  properties  make  this  product  suitable 
for  use  in  various  electronic  appliance  wire  as  well  as  fireproof 
electrical  cabinets. 

4.  Conclusions 

This  paper  describes  the  development  of  a  unique,  halogen  free 
flexible  dual  layer  insulation  system  with  superior  mechanical  and 
flame  characteristics.  A  key  characteristic  of  this  dual  wall  system 
is  the  ratio  of  the  inner  XLPO  to  the  outer  jacket  layer  thickness. 
The  balance  of  flame  retardency,  flexibility  and  mechanical 
properties  was  achieved  by  adjusting  this  ratio.  The  two  key 
properties  measured  on  various  insulation  systems  were  VW-1 
flame  and  cut  through  resistance.  From  the  data  discussed  in  the 
paper,  we  conclude  that  the  thickness  of  the  jacket  layer  relative  to 
the  thickness  of  the  inside  insulating  layer  will  influence  the  ability 
of  the  wire  to  meet  the  stringent  requirements  of  the  UL  VW-1 
Vertical  Flame  Test.  Further,  this  thickness  ratio  influences  the 
ability  of  the  wire  to  demonstrate  excellent  cut  through  resistance. 
The  flexible  design  of  the  insulation  system  makes  it  suitable  to  be 
easily  routed  in  very  tight  places.  The  resultant  wire  product  is 
suitable  for  internal  applications  where  improved  mechanical 
properties  like  abrasion,  cut  through  resistance,  low  deformation  as 
well  as  flexibility  are  desired.  The  product  is  rated  at  105  °C  and  is 
recognized  by  UL  under  AWM  style  3660  and  also  by  CSA  under 
AWM  I  A/B.  It  meets  flame  rating  of  VW-1  described  in  UL  94  and 
vertical  tray  flame  rating  of  IEEE  383  as  well  as  UL  1685  for  low 
smoke  emission. 
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Figure  1.  Cut  through  Resistance  of  Various 
Jacketed  Materials  at  different  temperatures. 

Similarly,  PA4  jacketed  wire  samples  met  flame  requirements  in  all 
the  thickness  evaluated  and  they  also  had  high  cut  through 
resistance.  But  it  was  also  found  to  be  a  stiff  product.  As  it  was 
explained  earlier,  the  most  suitable  product  was  to  have  the  highest 
flame  and  cut  through  resistance  without  sacrificing  the  overall 
flexibility  of  the  insulated  wire.  The  flexibility  of  the  wires  is  an 
equally  important  requirement  in  these  applications. 

From  overall  performance  of  flame,  cut  through  resistance, 
flexibility  and  other  physical  properties,  PA1  jacket  material  was 
found  to  have  the  optimum  properties  and  was  chosen  for  this 
application.  This  material  has  a  flexural  modulus  of  less  than  10,000 
Kg/cm2.  The  insulated  wire  product  made  with  PA1  as  the  jacket 
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Abstract 

As  technology  advances,  the  role  of  electromagnetic  compatibility 
becomes  more  dominant  in  the  design  of  distributed  electronic 
systems.  In  high  performance  applications  the  leakage  of  energy 
into  and  out  of  cables  is  an  important  source  of  interference.  It  is 
widely  acknowledged  that  cables  are  often  the  ‘weakest  link’  of 
any  large  electronic  system. 

This  paper  examines  theoretically  the  surface  transfer  impedance 
of  braid-shielded  cables  and  compares  these  results  with  those 
obtained  practically.  Expressions  for  the  transfer  impedance  are 
presented  as  improved  tools  for  the  analysis  of  tape-shielded 
cables.  The  paper  then  goes  on  to  investigate  the  shielding 
effectiveness  of  a  cable  with  a  braided  shield  using  a  mode  stirred 
reverberation  chamber,  then,  by  using  a  transfer  function,  converts 
the  surface  transfer  impedance  results  into  shielding  effectiveness 
and  compares  these  results  with  those  obtained  previously. 
Whilst  this  is  applicable  to  other  types  of  cable,  this  paper 
concentrates  on  coaxial  systems. 

Keywords 

transfer  impedance,  theory,  modeling,  practical,  reverberation 
chamber. 

1.  Introduction 

Electromagnetic  compatibility  (EMC)  is  concerned  with 
designing  and  operating  equipment  in  such  a  way  that  it  is 
immune  to  electromagnetic  interference  (EMI)  from  external 
sources  and  does  not  cause  interference  in  other  equipment  in 
close  proximity  to  it.  Such  susceptibility  to  interference  increases 
with  the  complexity  of  electronic  equipment.  Recognising  this, 
much  effort  is  put  into  improving  the  shielding  of  this  equipment. 
However  such  effort  is  wasted  if  the  equipment  is  connected  with 
poorly  shielded  cables  that  dominate  the  overall  performance  of 
the  entire  system  either  by  being  sources  of,  or  susceptible  to 
interference.  Therefore  the  performance  for  the  cable  shield  must 
be  predicted  at  the  design  stage  of  development  and  optimised 
against  several  required  criteria,  such  as  balancing  the  braid  and 
hole  inductances.  Commonly,  such  optimisation  is  undertaken 
with  significant  empirical  input.  Then  the  shield  performance 
must  be  measured  to  ensure  that  it  is  consistent  with  the  design 
criteria  and  sufficiently  immune  to  electromagnetic  interference 
from  the  lowest  frequency  (~lMHz)  to  the  highest  frequency 
(~20GHz)  of  operation. 

The  cable  shielding  performance  is  generally  quantified  in  one  of 
two  ways.  By  calculating  the  proportion  of  an  electromagnetic 
field  incident  on  the  shield  that  is  transmitted  through  it  (the 
‘shielding  effectiveness’  or  ‘SE’).  Or  by  calculating  the  ratio  of 
the  interfering  field,  in  the  form  of  the  current  measured  on  the 
cable  braid,  to  the  voltage  it  produces  between  the  braid  and  the 
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inner  conductor  (the  ‘Surface  Transfer  Impedance’,  ‘ZT’  or  ‘STI’). 

2.  Surface  Transfer  Impedance 

The  surface  transfer  impedance  of  a  length  (L)  of  coaxial  cable  is 
illustrated  in  Figure  1.  In  the  figure,  the  interfering  field  induces  a 
current  (I)  on  the  braid,  which  causes  a  potential  difference  (V) 
between  the  inner  and  outer  conductors.  The  surface  transfer 
impedance  is  expressed  as  a  per  unit  length  parameter  of  the 
cable,  and  is  defined  in  Equation  1 . 


ZT~—  (Qm-1)  (1) 


Figure  1.  Illustration  of  the  surface  transfer 
impedance. 


The  surface  transfer  impedance  is  independent  of  both  the 
conditions  under  which  it  is  measured  and  the  cable  length,  though 
the  latter  defines  the  upper  frequency  limit  to  which  it  can  be 
measured.  Because  of  this,  the  surface  transfer  impedance  is  a 
popular  method  for  demonstrating  the  shielding  performance  of 
cables  at  low  frequencies. 

2.1  Theoretical  Methods  for  Determining  the 
Surface  Transfer  Impedance  of  Braided 
Cables 

The  first  kind  of  cable  shield  to  be  examined  here  is  one  made 
from  braid,  as  its  use  has  been  extensive  in  the  cable  industry. 
The  surface  transfer  impedance  is  initially  theoretically  calculated 
using  a  model  proposed  by  Katakis  [1],  Katakis,  after  performing 
a  number  of  measurements,  suggested  that  the  radial  spindle 
separation  should  be  taken  into  account  when  calculating  the 
mean  braid  diameter  by  Tyni’s  model  [2], 
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There  are  two  types  of  inductance  present  on  a  cable  shield;  firstly 
the  braid  inductance  Lb  (defined  in  Equation  2)  which  arises  from 
the  woven  nature  of  the  braid. 


Lb  =  ^°h-  (l  -  tan2  a)  (2) 

6  4 *Dm 


The  second  type  of  inductance  is  the  leakage  inductance  (La), 
which  can  be  calculated  (see  Equation  3)  from  the  braid  angle  (a), 
the  total  number  of  belts  or  spindles  (N)  each  containing  ‘n’  wires 
of  diameter  ‘d’,  the  hole  width  (b),  the  radial  spindle  separation 
(h)  and  the  mean  braid  diameter  (Dm).  The  mean  braid  diameter 
can,  in  turn  be  calculated  from  the  external  diameter  of  the 
dielectric  (D0)  as  shown  in  Equation  4. 


b 

ncos  a\7t-Dm 


(3) 


D  m  =  Da  +  2d  +  h  (4) 

The  surface  transfer  impedance  is  then  calculated  using  Equations 
2  and  3  to  give  the  approximation: 

ZT~  j0)(Lb-La)  (5) 

Another  method  by  which  the  theoretical  values  for  the  surface 
transfer  impedance  can  be  obtained  is  to  simulate  the  braid.  The 
simulation  tool  used  in  the  modelling  of  the  surface  transfer 
impedance  in  this  paper  is  the  Transmission  Line  Matrix  (TLM) 
method  which  has  been  thoroughly  analysed  in  a  previous  paper 
by  these  authors  [3]. 

The  advance  in  this  paper  is  that  a  more  accurate  model  of 
Katakis’  equations  is  used.  Again,  to  account  for  resonances,  the 
length  of  the  cable  is  split  into  a  number  of  nodes,  whose  length  is 
much  less  than  one  tenth  of  the  minimum  wavelength  of  the  cable 
examined.  Also,  the  model  allows  for  the  different  termination 
conditions  required  by  different  measurement  techniques  or  to 
investigate  operational  behaviour. 

Using  the  Thevenin  circuits  for  the  lumped  equivalents  of  the 
shield  and  the  inner  conductor,  the  voltages  and  currents  at  any 
point  on  the  surfaces  of  the  inner  conductor  and  the  shield  can  be 
calculated.  The  surface  transfer  impedance  is  then  calculated,  by 
the  ratio  of  the  voltage  between  the  inner  conductor  and  the  shield 
(kVTn)  to  the  current  flowing  on  the  shield  (klsn)  at  node  n,  for  k 
iterations,  using  in  Equation  6. 


2.2  Practical  Methods  for  Determining  the 
Surface  Transfer  Impedance 

There  are  a  multitude  of  methods  which  can  be  used  to  find  the 
surface  transfer  impedance  of  cables  (e.g.  [4]),  however  a 
majority  of  these  require  complicated  and  time  consuming  test 
arrangements.  Two  much  simpler  methods  have  been  used  in  this 
paper;  the  ‘Current  Probe’  [5,6]  and  ‘Martin  and  Mendenhall’  [7] 
methods. 

In  the  current  probe  method  the  cable  under  test  is  connected 
between  two  support  brackets  using  standard  coaxial  connectors 
(see  Figure  3).  These  support  brackets  are  in  turn  bolted  onto  a 
metallic  ground  plate  which  acts  as  the  current  return  path.  A 
current  probe  is  then  connected  around  each  end  of  the  test  cable 
and  a  load,  matched  to  the  characteristic  impedance  of  the  cable, 
is  attached  via  a  connecter  at  one  end.  The  probe  at  the  load  end 
is  then  connected  to  the  output  of  a  network  analyser  and  becomes 
the  source  of  the  interfering  field.  Two  sets  of  measurements  are 
then  taken,  firstly  the  current  on  the  braid  caused  by  the 
‘interfering  field’  is  measured  by  way  of  the  ‘monitor  probe  (Vm 
see  Figure  4)  then,  with  the  input  of  the  network  analyser 
connected  to  the  open  end  of  the  cable,  the  voltage  generated  by 
the  interfering  current  is  measured  (Vc  see  Figure  5).  The 
interfering  current  is  then  calculated  from  the  monitor  probe 
voltage  using  the  probe  transfer  impedance  (ZTT).  Then, 
assuming  that  the  internal  impedance  of  the  network  analyser  is 
identical  to  the  characteristic  impedance  of  the  cable  and  load,  the 
surface  transfer  impedance  of  the  cable  can  be  calculated  using 
Equation  7. 


Aluminium  Support  Bracket 


Figure  3.  Showing  the  test  arrangement  required 
to  perform  the  current  probe  method. 


Figure  4.  Schematic  of  the  circuit  used  to 
measure  the  monitor  probe  voltage  (VM). 
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measure  the  cable  voltage  (Vc). 

In  the  Martin  and  Mendenhall  test  method  a  sample  of  intact 
coaxial  cable  has  a  length  of  braid  taken  from  a  similar  cable 
‘milked  on’  over  its  outer  sheath.  At  one  end  the  milked  on  braid 
becomes  the  outer  braid  in  the  end  connector  whilst  the  shield 
under  test  is  connected  to  the  central  conductor  of  the  cable.  At 
the  other  end  the  milked  on  braid  is  connected  to  the  shield  under 
test  and  both  are  put  into  the  end  connector.  The  triaxial  test 
cable  is  then  connected  to  the  network  analyser  and  the  ratio  of 
the  power  received  at  the  input  port  (PREC)  to  the  power 
transmitted  via  the  output  port  (Pjrans)  is  measured  for  each 
frequency.  A  schematic  of  this  circuit  is  shown  in  Figure  6. 
Assuming  a  50Q  cable  and  network  analyser  and  a  test  cable  of 
length  ‘L’  the  surface  transfer  impedance  can  be  calculated  using 
Equation  8. 


inner  conductor 

Figure  6.  Schematic  of  Martin  and  Mendenhall 
triaxial  test  cable  method. 


As  previously  mentioned,  the  disadvantage  of  this  test  technique, 
as  with  all  methods  for  measuring  surface  transfer  impedance,  is 
that  it  has  an  absolute  upper  frequency  limit  (fMax),  which  is 
dependent  on  the  length  (L)  of  the  test  cable  as  defined  in 
Equation  9. 


Therefore,  in  order  to  provide  accurate  measurements  up  to  a 
frequency  of  200MHz,  a  0.2  metre  cable  was  used  for  the 
measurements. 


2.3  Comparison  of  the  Surface  Transfer 
impedance  Results 

In  order  to  determine  whether  the  experimental  results  produced 
using  the  above  methods  were  acceptable  they  were  compared 
with  those  predicted  for  an  identical  cable  using  a  simulation 
technique  [3]  and  the  Katakis  theoretical  equations  [1]  as  detailed 
in  Section  2. 1 ,  see  Figure  7. 


Gevnlakis  Simulation? 

-  Katakis  Equations 

Figure  7.  Showing  a  comparison  of  the  surface 
transfer  impedance  results. 

The  strong  correlation  between  the  results  from  Current  Probe  and 
Martin  and  Mendenhall  methods  (as  seen  in  Figure  7)  suggest  that 
the  responses  are  accurate.  The  slight  differences  between  them 
are  due  to  the  different  losses,  etc  in  the  otherwise  comparable  test 
methods. 

The  theoretical  surface  transfer  impedance  results  produced  using 
the  Katakis  equations  provided  a  ‘worst  case’  response  based 
entirely  on  the  physical  characteristics  of  the  cable  braid.  Hence, 
the  response  obtained  by  the  use  of  the  Katakis  equations  is 
somewhat  dissimilar  to  the  others.  However,  the  numerical 
modelling  proposed  in  this  paper  produced  results  that  predicted 
the  experimental  responses  extremely  well,  thus  confirming  the 
accuracy  of  this  approach. 

3.  Theoretical  Methods  for  Determining 
the  Surface  Transfer  Impedance  of 
Tape  Shielded  Cables 

Recently,  cable  designers  have  started  to  prefer  tape  shielding  to 
braid  shielding;  hence  this  paper  also  introduces  a  model  for  the 
behaviour  of  helically  wounded  tape  shields.  Figure  8  presents 
the  geometry  of  the  helically  wound  tape  shield. 


Figure  8.  Configuration  of  a  tape  wound  shield. 


Using,  Figure  8  the  spiral  angle  (P)  is  related  to  width  of  the  tape 
(w),  the  width  of  the  overlap  between  the  turns  of  tape  (wo)  and 
the  shield  radius  (£)  by  Equation  10  [8], 


cos  P  = 


w  -  wo 
Int; 


(10) 


These  parameters  also  define  the  number  of  turns  of  the  tape  (N) 
by  Equation  11. 
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treating  the  overlapping  tapes  as  plates  of  a  parallel  plates 
capacitor: 


3.1  Primary  Parameters  of  a  Shield 

The  primary  parameters  that  need  to  be  determined  are  the  shield 
resistance,  the  shield  inductance  and  any  capacitance  present. 

To  obtain  an  expression  for  the  resistance  (Rs)  the  equations 
developed  for  the  transfer  impedance  by  Kaden  [9]  are  used. 

it  (i + j)T  /  s 

Ro  sinh(l  +  j)T  /  S 

+  (  ((l  +  j)T / £)coth(l  +  j)T /  8  (12) 

+  j[T  /  )tan2  P 


Where: 

£  =  £0£r  (17) 

‘e0’  is  the  permittivity  of  free  space  (8.85xl0'12  F/m),  %’  is  the 
dielectric  constant  of  the  dielectric  used  and  ‘d’  is  the  dielectric 
thickness  between  the  plates.  In  cylindrical  coordinates,  for  a 
spiral  forming  a  tubular  capacitor  [5]. 


r  (t  +  dY  n 

—  =  1+  - - b 

r.  k  2  In 


Where,  ‘Ro’  is  the  surface  resistivity,  at  the  shield  radius  and  ‘S’ 
the  skin  depth. 

Then,  using  the  fact  that  the  resistance  (Rs)  represents  the  real  part 
of  the  transfer  impedance  in  Equation  12,  its  value  is  given  as: 


2n£o  T  .  .  (  T 
sinh  — 
l  o 


(Cl/m)  (14) 


tan  2  yg 
2  n^oT 


f  t 

—  coth  — 

8  U 


‘r5  is  the  radius  of  the  rod  at  angle  ‘<t>’  and  ‘ro’  is  the  radius  of  the 
rod  in  which  the  spiral  has  begun. 

The  thickness  of  a  tape  shield  is  given  as: 

t  =  (u-T  +  v)q  (19) 

Where  u=l  corresponds  to  a  tape  metalised  on  one  side  u=2  for  a 
double  sided  one,  tv’  is  the  thickness  of  the  dielectric  between 
tape  sides  and  ‘q’  the  number  of  layers  being  wound. 

To  find  the  mean  length  of  the  tape,  the  integral  of  Equation  18  is 
required: 


/. = F* 


Where  ‘T’  is  the  thickness  of  the  shield  tape,  ‘5’  is  the  skin  depth 
and  ‘a’  the  conductivity  of  the  shield  material. 

In  the  case  of  inductance,  the  fact  that  the  shield  behaves  as  a 
solenoid  gives: 


Where: 


Leading  to: 


0<(/><  2qn 


L  =-^-tan2  [3 

4  7T 


(Him)  (15) 


Where  ‘jV  is  the  magnetic  permeability  of  free  space. 

There  are  two  different  capacitances  present  on  the  shield:  the 
capacitance  between  the  turns  of  the  overlapped  tape  and 
capacitance  of  the  shield  to  ground. 

In  the  case  of  the  capacitance  between  the  turns,  the  theory  of 
tubular  capacitors  [10]  is  applied.  Taking  into  account  that 
usually  the  distance  between  the  turns  is  very  small  in  relation  to 
the  overall  radius  of  the  cable,  the  capacitance  can  be  simply 
calculated  by  determining  the  mean  length  of  the  tape  (lx)  and 


!+  — 
(  ro 


n  ,  t 

2  4  k 


For  multi-layered  shields,  the  total  capacitance  is  given  as  the  sum 
of  each  individual  capacitance  between  the  turns.  Hence,  the  fact 
that  the  capacitance  between  the  overlapped  turns  corresponds 
only  to  the  overlapped  region  (wo/w)  then  its  value  can  be 
approximated  as: 


£'ro'WoX£p{  L 


(F/m)  (23) 


Where  ce’  is  the  dielectric  permittivity,  ‘n’  is  a  constant  depending 
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on  how  tight  the  wrappings  are  and  ‘d’  is  the  dielectric  thickness. 
Finally,  the  capacitance  of  the  shield  to  ground  depends  on  the 
distance  of  the  cable  from  the  ground  and  on  the  testing  facilities 
of  the  measurements.  It  is  usually  small  and  the  best  practice  is  to 
determine  it  experimentally  for  each  set  of  measurements. 

3.2  The  Surface  Transfer  Impedance  of  a  Tape 
Shield 

From  the  structure  of  Figure  8,  it  can  be  seen  that  the  tape  shield 
can  be  self-resonant  so  the  frequency  spectrum  has  to  be  divided 
into  two  main  areas  with  the  cut  off  frequency  to  be  determined 
approximately  by  the  point  at  which  the  inductive  part  (XL) 
becomes  equal  to  the  capacitive  part  (Xc). 

The  transfer  impedance  at  any  frequency  is  generally  given  by: 

~  ~  jX y  (24) 


a  1cm  wide  non-overlapped  tape  with  similar  geometrical 
characteristics  as  the  above  RG58  braid  (radius  of  cable  0.25cm 
and  shield  diameter  3mm)  will  give  a  mutual  inductance  of  146nH 
and  a  transfer  impedance  of  9MQ/m  at  10MHz  (125  times 
greater!). 

Also  the  tape  shield  has  a  frequency  dependent  cut-off  point 
usually  in  the  region  of  few  MHz  due  to  the  parasitic  capacitance 
between  the  tape  turns  which,  in  some  cases,  could  have  a 
considerable  effect  on  the  operation  of  the  shield.  A  wide  gap 
between  the  turns  would  mean  a  higher  cut-off  point,  something 
undesirable  as  the  main  object  of  a  shield  designer  is  to  keep  the 
transfer  impedance  low  at  the  widest  frequency  range  possible,  so 
less  coupling  between  the  shield  and  the  inner  conductors  is 
present.  This  cut-off  point  can  be  seen  in  measurements  by  Hoeft 
[11]  (see  Figure  9)  and  is  predicted  in  some  degree  by  the  theory 
developed  in  this  section  as  in  Table  1 . 


The  condition  for  self-resonance  gives: 


(25) 


Where  ‘o’  is  the  angular  frequency,  ‘Ls’  is  the  shield  inductance 
and  ‘CV  the  capacitance  between  turns. 

Hence,  ignoring  any  parasitic  capacitances,  the  frequency  (fx)  at 
which  the  shield  becomes  self-resonant  (fx)  is  given  by  Equation 


When  the  frequency  is  less  than  the  resonant  frequency  the 
behaviour  of  the  taped  shield  is  inductive  and  the  imaginary  part 
of  Equation  24  is: 


Xy=OLs 


Similarly,  when  the  frequency  exceeds  the  resonant  frequency 
then  the  shield  is  mainly  capacitive  and  the  imaginary  part  of 
Equation  24  is: 


(28) 


3.3  Implementation 

There  are  many  trade-offs  that  must  be  made  during  the  design 
stage  in  the  development  of  a  cable  shield.  For  example  a  good 
braid  shield  can  have  better  (i.e.  lower)  transfer  impedance 
performance  than  a  tape  shield  however  a  tape  shield  is  more 
easily  manufactured. 


To  compare  the  two  types  of  shield,  a  lm  RG58  braided  cable  was 
examined  and  was  found  to  give  a  mutual  inductance  of  about 
1.2nH  and  a  transfer  impedance  of  73mQ/m  at  10MHz.  However, 


For  the  mctalised  aluminium  tape  shield  described  in  Hoeft’s 
paper  (Figure  2  of  [12])  the  prediction  accuracy  is  moderate.  The 
reason  for  this  is  that  the  theory  has  not  included  any  parasitic 
components  introduced  by  the  measurement  procedure,  which  can 
affect  the  resonant  frequency  point.  A  prime  example  of  this 
interference  is  the  drain  wire  that  is  used  for  mechanical  support 
but  acts  as  an  inductor  and  a  resistor  in  series. 


Table  1 .  Prediction  of  the  cut-off  point  for  surface 
_ _ transfer  impedance  of  tale  shield. 


This  paper 

Measurements 

ri2i 

Cut-off  frequency 
(MHz) 

1 

Region  between  1 
and  1 1  (Figure  2 
_ in  [12]) 

4.  Shielding  Effectiveness 

Another  parameter  for  defining  the  shielding  performance  is  the 
shielding  effectiveness.  The  shielding  effectiveness  of  a  shield  is 
a  ratio  (in  decibels)  of  the  proportion  of  an  electromagnetic  field 
incident  on  the  shield  (Ej)  to  that  which  is  transmitted  through  it 
(E,)  as  shown  in  Equation  29  and  Figure  1 0. 


S£  =  -20  1og10 


(dB)  (29) 
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Cable  Shield 


Inner  Conductor 


Proportion  of  incident  field 
transmitted  through  shield 


Figure  10.  Definition  of  shielding  effectiveness. 


The  shielding  effectiveness  is  generally  used  at  higher  frequencies 
than  the  surface  transfer  impedance  and,  depending  on  precisely 
how  it  is  measured,  is  dependant  on  the  cable  length  [12,13]. 
Shielding  effectiveness  is  used  to  measure  the  efficiency  of  a 
large  variety  of  shields  (not  just  on  cables)  therefore  the 
performance  of  the  cables  can  be  compared  with  other  devices  in 
a  system. 


4.1  Practical  Methods  for  Measuring  Shielding 
Effectiveness 

There  are  many  methods  for  measuring  the  shielding  effectiveness 
of  various  forms  of  shield,  which  have  been  redeveloped  to 
measure  the  shielding  effectiveness  of  cables  as  the  effect  of 
cabling  on  the  overall  system  electromagnetic  compatibility  has 
become  more  significant.  Most  of  these  methods  require  that  the 
test  cable  be  placed  within  a  metal  walled  chamber  in  order  to 
prevent  the  arbitrarily  fluctuating  ambient  electromagnetic  fields 
outside  the  chamber  from  affecting  the  fields  of  interest  inside  the 
chamber. 


Such  tests  are  carried  out  by  injecting  an  electromagnetic  field 
into  the  chamber  using  an  antenna  then  having  the  cable  under  test 
attached  to  a  detector.  However  such  a  chamber  contains  standing 
waves  that  add  together  to  form  maxima  (modes)  and  minima 
(nulls)  in  the  electromagnetic  field  at  certain,  fixed  positions 
within  the  chamber  hence  the  amount  of  power  leaking  through 
the  shield  is  dependant  on  the  orientation  and  location  of  the 
device  within  the  chamber,  to  eliminate  this  dependency  the  cable 
must  be  tested  in  a  variety  of  positions.  To  eliminate  the  necessity 
for  repeatedly  moving  and  re-testing  the  cable  the  positions  of  the 
modes  and  nulls  can  be  altered  instead.  This  can  be  achieved  by 
installing  a  rotating  reflective  surface  (or  ‘stirrer’)  within  the 
chamber  which  alters  the  ‘boundary  conditions’  and  causes  very 
large  changes  in  the  standing  wave  patterns  and  hence  the  position 
and  magnitude  of  the  modes  and  nulls.  As  the  stirrer  rotates  and 
the  modes  and  nulls  move  around  within  the  chamber  a  field 
within  a  certain  volume  (the  ‘Working  Volume’,  a  sub-volume  of 
the  ‘Uncluttered  Volume’  shown  in  Figure  11)  is  produced  that, 
when  averaged  over  one  stirrer  revolution,  is  statistically  uniform 
and  hence  uniformly  illuminates  the  device  under  test,  which  must 
remain  within  this  volume  throughout. 


Figure  11.  Showing  the  chamber  layout. 


The  ability  of  the  stirrer  to  produce  this  statistically  uniform  field 
is  dependant  on  the  number  of  modes  within  the  unperturbed 
chamber;  this  in  turn  is  dependant  on  the  frequency  and 
dimensions  of  the  chamber.  General  rules  of  thumb  suggest  that 
this  ‘lowest  operating  frequency’  is  that  which  supports  60  modes 
[14],  when  this,  and  the  dimensions  of  the  De  Montfort  University 
chamber  (5.00  metres  (a)  by  2.95  metres  (b)  by  2.36  metres  (d)), 
are  substituted  into  Equation  30  [15]  they  produce  a  minimum  test 
frequency  of  182.5MHz,  slightly  below  the  maximum  test 
frequency  for  the  surface  transfer  impedance  methods  used 
previously  in  this  paper.  The  maximum  frequency  for  which  the 
chamber  can  be  used  is  defined  entirely  by  the  operating 
frequencies  of  the  equipment  used,  this  gives  a  maximum 
frequency  of  2GHz.  This  means  that  the  mode  stirred  chamber 
technique  is  ideal  for  quickly  and  easily  measuring  the  shielding 
effectiveness  over  a  wide  frequency  range. 


Ns, 


=  1  -(a  +  b  +  d)- 


(A  i 
—  +— 

UJ  2 


(30) 


There  are  two  methods  of  operating  a  mode  stirred  chamber  to 
obtain  shielding  effectiveness  results.  In  the  ‘Mode  Stirred 
Method’  200  sets  of  measurements  are  taken  whilst  the  stirrer 
rotates  continuously  through  360°.  However,  because  the  stirrer 
is  constantly  moving  no  correction  or  averaging  is  possible.  This 
contrasts  with  the  ‘Mode  Tuned  Method’  where  the  stirrer  is 
stepped  at  selected,  uniform  increments  (again  200  per  rotation), 
with  the  stirrer  remaining  stationary  whilst  the  measurements  are 
taken  and  averaged.  Due  to  this  averaging  the  Mode  Tuned 
Method  is  theoretically  more  consistent,  however  it  also  takes 
significantly  longer  to  complete  each  test  run. 

In  order  for  the  mode  stirred  reverberation  chamber  to  be  used  to 
measure  the  shielding  effectiveness  of  a  test  cable  both  the  field 
strength  incident  on  the  shield  and  passing  through  it  must  be 
measured.  The  field  is  set  up  using  a  transmitting  antenna  and  the 
power  passing  through  the  shield  of  the  standard  lm  cable  (Pcab) 
is  measured  over  one  stirrer  revolution  using  the  arrangement  in 
Figure  12. 


International  Wire  &  Cable  Symposium 


607 


Proceedings  of  the  51st  IWCS 


|  Controlling  computer  | 


i- 


/ 

^  \ 

- 

|  Network  Analyser  |  j 

RF«  RF 

-J _ 1 

fd 

Figure  12.  Block  diagram  of  the  proposed  test  set 
up  from  [13]. 


The  cable  under  test  in  Figure  12  was  then  replaced  with  a 
receiving  antenna,  which  measured  the  power  of  the  field  to 
which  the  shield  was  subjected  (Prff)  whilst  the  stirrer  was  again 
rotated.  Then  the  maximum  power  received  at  each  frequency 
over  one  rotation  of  the  stirrer  was  found  and  used  in  Equation  3 1 
to  calculate  the  cable  shield  effectiveness. 


5'E  =  -10  1og10 


r  Max{PCABf 
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(dB) 
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As  can  be  seen  from  Figure  13  the  two  mode  stirred  reverberation 
chamber  methods  (mode  stirred  and  mode  tuned)  produce 
extremely  similar  shielding  effectiveness  responses. 
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Figure  13.  Comparing  the  results  produced  using 
the  mode  tuned  and  mode  stirred  methods. 

5.  Converting  Surface  Transfer 
Impedance  into  Shielding 
Effectiveness 

Due  to  the  repeatability  of  the  measurements,  the  short  length  of 
time  required  to  perform  the  tests  and  the  fact  that  the  mode 
stirred  chamber  can  be  used  to  measure  the  shielding  effectiveness 
of  any  device  that  can  fit  into  the  working  volume,  the  mode 
stirred  reverberation  chamber  method  is  becoming  an  increasingly 
popular  test  method.  However,  as  has  been  stated  the  major 
problem  with  this  method  is  that  it  cannot  be  used  to  measure  the 
shielding  effectiveness  below  the  minimum  operating  frequency 
threshold.  As  many  shielding  effectiveness  test  methods  have  a 
similar  minimum  frequency  threshold  a  simple  method  for 
determining  the  entire  shielding  effectiveness  frequency  response 
of  a  test  cable  is  essential.  As  the  surface  transfer  impedance  of  a 
cable  is  usually  measured  in  the  frequency  range  for  which  the 
mode  stirred  chamber  does  not  produce  a  shielding  effectiveness 


Mode  St, Ted  Method 


response,  one  possibility  is  to  measure  the  surface  transfer 
impedance  in  the  lower  frequency  range  and  the  shielding 
effectiveness  in  the  upper  frequency  range. 

Since  the  surface  transfer  impedance  and  the  shielding 
effectiveness  are  both  measures  of  how  much  electromagnetic 
energy  penetrates  a  shield,  it  is  logical  that  there  should  be  a 
relationship  between  them,  by  which  the  responses  can  be 
compared.  The  best  proof  of  this  relationship  comes  from 
Tsaliovich  s  cable  shielding  book  [16],  however  this  method  is 
rather  too  complicated  to  enact  practically.  Many  other  methods 
have  also  been  formulated  which  relate  the  shielding  effectiveness 
and  surface  transfer  impedance  [17,17,18],  these  however  are  also 
rather  complicated.  A  much  simpler  method  of  converting  the 
surface  transfer  impedance  into  shielding  effectiveness  was 
proposed  by  Martin  [13]  and  is  shown  in  Equation  32. 

SE{f) =  36  -  20  •  log10  (L)  -  20  •  log10  {ZT  (/))  (dB)  (32) 

The  surface  transfer  impedance  responses  produced  in  Section  2.2 
using  the  two  experimental  methods  and  the  modelling  technique 
proposed  in  Section  2.1  of  this  paper  were  converted  into 
shielding  effectiveness  responses  using  Equation  32  so  the  results 
could  be  compared  with  those  obtained  using  the  mode  stirred 
chamber  (see  Figure  14).  As  the  cable  length  differed  between 
the  surface  transfer  impedance  (which  is  a  ‘per  unit  length5 
parameter)  and  the  shielding  effectiveness  results  (which  are 
length  dependant)  a  constant  value  of  1  m  was  used  in  Equation  32 
to  compensate  for  the  variations  this  would  otherwise  have 
caused. 


.  Martin  and  Mendenhall  Method 

Gavrilaki s  Simulations 
Mode  Tuned  Method 
-  Mode  Stirred  Method 

Figure  14.  Comparing  the  shielding  effectiveness 
results. 

As  can  be  seen  in  Figure  14  the  transformed  surface  transfer 
impedance  responses  are  consistent  with  the  shielding 
effectiveness  responses  produced  using  the  mode  stirred  chamber. 
Thus  a  complete  shielding  effectiveness  frequency  response  is 
provided.  Also  the  transformed  response  obtained  using  the  TLM 
simulations  appear  to  predict  the  lower  frequency  shielding 
effectiveness  response,  which  could  be  used  as  a  theoretical 
prediction  of  the  shielding  effectiveness  response  of  a  cable 
shield. 

6.  Conclusions 

As  can  be  seen  from  the  practical  results  produced  in  this  paper, 
the  actual  values  of  the  surface  transfer  impedance  for  a  length  of 
cable,  correlate  well  with  those  produced  using  the  developed 
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simulation  technique  [3].  This  provides  results  that  are  by  far 
more  accurate  than  those  produced  using  the  Katakis  equations  [1] 
as  it  takes  into  account  the  resonance  phenomenon,  unlike  the 
purely  theoretical  equations.  When  these  surface  transfer 
impedance  results  were  transformed  into  shielding  effectiveness 
results,  there  was  an  extremely  high  level  of  agreement  between 
the  transformed  results  and  those  produced  practically  in  the  mode 
stirred  chamber.  This  is  a  promising  method  for  theoretically 
determining  the  accuracy  of  shielding  effectiveness  results.  This 
theoretical  support  for  the  shielding  effectiveness  results  is 
extremely  useful,  especially  as  the  mode  stirred  chamber  method 
could  be  used  to  test  not  just  coaxial  cables  (as  in  this  paper)  but 
any  type  of  cable,  connector,  cable  assembly,  harness,  etc  with 
little  or  no  alteration  required  between  tests. 

Also  in  this  paper,  theoretical  formulae  have  been  presented  to 
predict  the  surface  transfer  impedance  performance  of  braid  and 
tape  shielded  cables.  The  comparison  between  the  two  types  of 
cable  shields  showed  that,  although  the  overlapped  tape  had 
mechanical  advantages,  it  also  had  a  high  transfer  impedance. 
Also  the  phenomenon  of  the  cut-off  point  for  tape  shielded  cables 
has  been  explained  by  the  parasitic  capacitance  between  the 
overlapped  turns,  and  validated  with  measurements  by  Hoeft  [11]. 
In  future  work  the  developed  simulation  technique  for  the  braid 
presented  in  this  paper  will  be  used  for  the  prediction  of  resonant 
behavior  of  tape  shields. 
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Abstract 

Product  reliability  is  always  a  factor  influencing  which  products 
cable  TV  companies  utilize  in  their  networks.  The  reliability  of 
coaxial  drop  cable  has  been,  historically,  problematic.  Multiple 
System  Operators  (MSOs)  typically  consume  sufficient  coaxial  drop 
cable,  beyond  new  build  requirements,  to  replace  all  of  their  drop 
cables  every  3  to  5  years. 

In  developing  unique  coaxial  drop  cables,  Coming  Cable  Systems 
(CCS)  designed  for  a  significantly  improved  service  life.  As  part  of 
that  effort,  sophisticated  analytical  techniques  were  employed  to 
predict  eventual  failure.  Among  these  were  finite  element  and 
fatigue  analyses,  techniques  commonly  used  in  industries  such  as 
aerospace,  automotive  and  nuclear  to  prove  the  reliability  of  new 
products.  This  paper  presents  fatigue  analyses  of  coaxial  cable 
shielding  utilizing  finite  element  and  classical  analytical  methods  to 
determine  alternating  shielding  strains. 

Keywords 

Finite  element;  shielding  fatigue;  coaxial  cable;  aluminum. 

1.  Introduction 

Life  prediction  using  fatigue  analyses  required  complete 
characterization  of  the  alternating  load  history  and  the  resulting 
strain  in  the  structure  for  loads  including  manufacturing,  installation 
and  service  loads.  Strains  resulting  from  these  loads  along  with  the 
corresponding  number  of  cycles  and  the  associated  fatigue  curve 
were  then  used  to  determine  the  fatigue  usage  associated  with  each 
type  of  loading.  Utilizing  Miner’s  rule  [1],  the  sum  of  the  individual 
fatigue  usage  values  must  be  less  than  the  theoretical  fatigue  limit  of 
1. 

Loads  considered  in  evaluation  of  these  coaxial  drop  cables  include 
manufacturing  bends,  installation  bends,  aeolian  vibration,  galloping 
vibration  and  temperature  cycling.  Manufacturing  and  installation 
load  cycles  were  experienced  independent  of  the  duration  of  life 
while  the  aeolian  vibration,  galloping  vibration  and  thermal  cycling 
were  assumed  to  occur  uniformly  distributed  over  time. 

Loads  evaluated  and  the  associated  number  of  cycles  are  shown  in 
Table  1 . 
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2.  Cable  Geometry  and  Materials 

The  coaxial  cable  construction  consisted  of  a  copper-clad  steel 
central  member  surrounded  by  a  foam  polyethylene  dielectric.  The 
dielectric  had  aluminum  tape,  comprised  of  two  layers  of 
aluminum  foil  separated  by  polypropylene,  bonded  to  it.  An 
interlayer  of  thermoplastic  resin  was  bonded  to  the  inner  layer  of 
tape  with  another  layer  of  aluminum  tape  bonded  to  the  outside  of 
the  interlayer.  A  polyethylene  jacket  covered  the  cable  assembly 
as  shown  in  Figure  1.  Table  2  shows  the  geometry  and  materials 
for  size  6  and  1 1  coaxial  cables  evaluated  in  this  paper. 

Material  properties  used  in  the  analyses  are  shown  in  Table  3. 


Table  2  Cable  Geometry  and  Materials 


Outside  Du 

Size  6 

imeter,  mm 

Size  1 1 

Description 

1.02 

1.63 

Copper  Clad  Steel  Center 

4.57 

7.11 

Dielectric,  Foam  Polyethylene 

4.59 

7.13 

Tape  1,  1100-0  Aluminum 

4.64 

7.18 

Tape  1 ,  Polypropylene 

4.65 

7.19 

Tape  1,  1100-0  Aluminum 

4.71 

7.25 

Tape  1,  Polyethylene  Adhesive 

5.39 

7.92 

Interlayer,  Thermoplastic  Resin 

5.40 

7.94 

Tape  2,  1100-0  Aluminum 

5.45 

7.99 

Tape  2,  Polypropylene 

5.47 

8.01 

Tape  2,  1 100-0  Aluminum 

5.48 

8.01 

Tape  2,  Polyethylene  Adhesive 

7.11 

10.06 

Jacket,  Polyethylene 

Table  3  Material  Properties 


Description 

Young’s 

Modulus, 

MPa 

Poisson’ 
s  Ratio 

Coefficient 
of  Thermal 
Expansion, 
m/(m-°C) 

Copper  Clad  Steel 

1.9e5 

0.3 

1.3e-5 

Foam  Polyethylene 

1.9e2 

0.4 

1.4e-4 

Aluminum  1100-0 

7.0e4 

0.33 

2.3e-5 

Polypropylene 

3.8e2 

0.4 

l.le-4 

Polyethylene 

1.9e2 

0.4 

1.3e-4 

Thermoplastic 

Resin 

3.0el 

0.4 

1.3e-4 

3.  Fatigue  Curve 

Strain  based  fatigue  methods  were  used  to  determine  the  fatigue 
life  of  the  1100  aluminum  cable  shielding.  The  fatigue  data  in 
Figure  2  was  obtained  from  SAE  [4]  and  corrected  for  a  mean 
strain  of  yield,  surface  finish,  and  reliability  based  on  Equation  (1) 
[1]  and  [3] 


Sa' 


SaKaKcl 


Su  Sb 
Su  Sa 


(i) 


Where: 

Ka  =  surface  finish  factor  based  on  a  cold  drawn  surface, 
0.84. 

Kc  =  reliability  factor  based  on  0.9999  reliability,  0.702. 

Sa  =  completely  reversed  (zero  mean  strain)  strain 
amplitude  that  produces  failure  in  N  cycles. 

Sa’  =  the  strain  amplitude  that  combined  with  the 
maximum  possible  mean  strain  produces  failure  in  the 
same  number  of  cycles  as  a  completely  reversed  strain 
amplitude  Sa. 

Sb  =  cyclical  yield  strain  of  the  material,  0.002. 

Su  =  ultimate  strain  of  the  material. 


Su  Sb 

~  Su 
_Su 

Sb 

Sa_ 

< 

Su  Sa_ 

1 

when  Sa  Sb 
when  Sa  Sb 


Figure  2  1100-0  Aluminum  Strain  Based  Fatigue 
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4.  Analysis 

The  fatigue  analysis  was  performed  by  first  calculating  the  strain 
ranges  for  each  type  of  loading  listed  in  Table  1.  The  fatigue 
usage  was  then  calculated  for  the  fixed  cycle  load  cases  and  the 
time  dependent  load  cases  as  a  function  of  time.  Finally,  the 
fatigue  life  was  determined  using  Miner’s  rule  [1]  and  setting  the 
sum  of  the  fatigue  usage  for  all  the  load  cases  equal  to  the  fatigue 
limit  of  1  and  solving  for  time  (fatigue  life). 

The  longitudinal  strain  calculation  for  the  bends  were  performed 
using  Equation  (2)  assuming  the  neutral  axis  was  at  the  geometric 
center  of  the  cable  and  no  slippage  occurred  at  the  various 
material  layers  in  the  cable.  Hoop  strains  were  calculated  by 
multiplying  the  longitudinal  strains  by  0.4,  Poisson’s  ratio  for  the 
polymers. 


Where:  =  longitudinal  strain 

L  =  length,  Figure  3 
r  =  radius  of  curvature 
d  =  diameter  of  shielding 
=  included  angle 

L  +AL 


Figure  3  Cable  Strain  from  Bending 


Equation  (4)  was  used  to  determine  the  minimum  radius  of 
curvature  of  the  cable  that  was  used  in  Equation  (2)  to  calculate 
the  bending  strain  from  vibration. 


Table  4  Vibration  Loads 


Vibration  Cable  Size 

Type 

Span  Length,  m 

Amplitude, 

mm 

Cycles 

Aeolian  6 

3.33' 

1.783 

le8 

Aeolian  1 1 

3.33' 

2.5 1 3 

le8 

Galloping  6  &  1 1 

202 

3994 

le5 

six  loops  in  20  meters 

2  one  loop  in  20  meters 

3  one  half  of  the  cable  diameter,  peak  to  peak 

4  span  length/25,  peak  to  peak 


Where:  A  =  amplitude  (1/2  peak  to  peak),  Figure  4 
=  longitudinal  strain 

L  =  arc  length  of  sine  curve  from  x=0  to  x=L0 
L0  =length  of  the  span  (half  of  wave  length) 
x  =  location  along  the  span 


Aeolian  and  galloping  vibration  loads  evaluated  were  based  on 
those  specified  in  [2]  for  an  assumed  20  year  minimum  life  of  self 
supporting  fiber  optic  cables,  refer  to  Table  4. 

For  aeolian  vibration  and  galloping  vibration,  the  shape  of  the 
cable  was  assumed  to  be  that  of  a  sine  wave  during  vibration. 
Assuming  an  initially  straight  cable  in  the  unloaded  condition,  the 
cable  was  strained  axially  to  lengthen  it  into  the  sinusoidal  shape 
and  was  also  strained  in  bending  by  the  curvature.  Superposition 
was  used  to  determine  the  combined  effect  of  these  two  load 
conditions. 


Equation  (3)  was  used  to  determine  the  axial  strain  in  the  cable 
when  it  was  displaced  into  the  sinusoidal  shape. 


Figure  4  Sinusoidal  Vibration  of  Cable 
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i  mil  ,4, 

/"W 

Where:  A,  f  (x),  L0  and  x  were  defined  in  Equation  (3) 
r  -  radius  of  curvature 


f'(x)  A  —  \  sin 


The  radius  of  curvature  was  a  minimum  (maximum  strain)  at  x  : 
Lq/2,  substituting  L0/2  in  Equation  (4)  yields: 


1  A 


sin  — 
v  2 


5,  Finite  Element  Model 

Strains  in  the  shielding  due  to  thermal  expansion  were  determined 
using  ANSYS  finite  element  software.  Axisymmetric  models  of 
transverse  slices  of  the  cables  were  used  to  determine  the  thermal 
strains  since  the  geometry  and  the  loading  were  axisymmetric, 
Figure  5.  Symmetry  boundary  conditions  were  applied  to  one  end 
of  the  model  (y  =  0)  while  the  nodes  at  the  other  end  of  the  model 
were  coupled  in  the  Y  direction  to  represent  a  long  cable  by 
restricting  the  motion  to  planar.  The  44  °C  temperature  change 
was  imposed  on  the  finite  element  models,  FEMs,  and  the 
solutions  performed  to  determine  the  thermal  strains.  Thermal 
strains  for  the  78  °C  load  case  were  calculated  by  multiplying  the 
44  °C  strains  by  the  ratio  of  the  temperature  changes  (78/44). 


6.  Results 

The  strain  results  from  the  finite  element  analyses  are  shown  in 
Figures  6  through  8.  From  the  results,  the  thermal  strains  were 
shown  to  be  most  significant  in  the  hoop  (circumferential) 
direction  on  the  inner  layer  of  tape  (tape  1  in  Table  2)  due  to  the 
large  radial  thermal  expansion  of  the  relatively  stiff  foam 
polyethylene  in  the  cable.  The  longitudinal  growth;  however,  was 
limited  by  the  steel  central  member  so  the  longitudinal  strains 
were  not  critical  for  fatigue. 

The  bending  strains  due  to  aeolian  and  galloping  vibrations  were 
calculated  using  Equation  (4)  to  determine  the  radius  of  curvature 
and  Equation  (2)  to  determine  the  bending  strain.  Axial  strains 
due  to  the  increased  length  of  the  sinusoidal  displacements  were 
calculated  using  Equation  (3)  and  combined  with  the  bending 
strains  using  superposition.  Bending  strains  due  to  manufacturing 
and  installing  the  cables  were  determined  using  Equation  2  and 
are  summarized  in  Tables  5  and  6  along  with  the  previously 
discussed  strains. 


Figure  6  Radial  Strain 


EIEKEWTS 
/extended 
m F  HUM 


OUL  22  2002 
09515:12 
HJQT  HD.  1 


'Area  of 
Interest 


Figure  5  Expanded  Axisymmetric  Finite 
Element  Model 


Figure  7  Longitudinal  Strain 
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Table  5  Size  6  Results 


1 

Cycles 

Alternating  Strain 
Intensity 

Fatigue  Usage 

Long- 

Radial 

Hoop  - 
Radial 

Long- 

Radial 

Hoop  - 
Radial 

m 

1 .66E+08 

3.84E-06 

1.54E-06 

0.17% 

0.17% 

2 

1.66E+05 

1.47E-04 

5.87E-05 

0.05% 

0.00% 

3 

3.40E+01 

5.05E-03 

2.02E-03 

1.06% 

0.21% 

4 

1.00E+00 

2.34E-02 

9.35E-03 

0.36% 

0.09% 

5 

1.00E+00 

6.68E-03 

2.67E-03 

0.05% 

0.01% 

1.00E+00 

1.87E-02 

7.48E-03 

0.26% 

0.06% 

■E 

6.00E+00 

7.79E-03 

3.12E-03 

0.38% 

0.08% 

8 

1.00E+00 

3.12E-02 

1.25E-02 

0.56% 

0.14% 

9 

1.21E+04 

6.98E-04 

2.36E-03 

9.23% 

98.56% 

10 

3.40E+0I 

1.22E-03 

4.13E-03 

0.07% 

0.76% 

'Refer  to  Table  1  for  load  descriptions 


Table  6  Size  11  Results 


Cycles 

Alternating  Strain 
Intensity 

Fatigue  Usage 

Long- 

Radial 

Hoop  - 
Radial 

Long- 

Radial 

Hoop  - 
Radial 

1 

1.20E+08 

8.32E-06 

3.33E-06 

0.12% 

0.12% 

2 

1.20E+05 

1.59E-04 

6.37E-05 

0.08% 

0.00% 

3.40E+01 

7.76E-03 

3.10E-03 

2.16% 

0.46% 

■E 

1.00E+00 

3.59E-02 

1.44E-02 

0.70% 

0.17% 

_ i 

1.00E+00 

1.03E-02 

4.10E-03 

0.10% 

0.02% 

1.00E+00 

2.87E-02 

1.15E-02 

0.50% 

0.12% 

■B 

6.00E+00 

1.20E-02 

4.78E-03 

0.76% 

0.17% 

8 

1.00E+00 

4.78E-02 

1.9  IE-02 

1.08% 

0.26% 

9 

8.76E+03 

8.06E-04 

2.80E-03 

i 

8.98% 

98.09% 

10 

2.40E+01 

1.41E-03 

4.90E-03 

0.07% 

Hi 

'Refer  to  Table  1  for  load  descriptions 


Figure  8  Hoop  Strain 


7.  Conclusions 

The  most  significant  load  contributing  to  fatigue  of  the  shielding 
was  the  daily  44  °C  temperature  change,  which  utilized  at  least  98% 
of  the  fatigue  life.  Radial  thermal  expansion  of  the  polymers  was  the 
most  significant  loading  because  it  loaded  the  shielding  with 
significant  hoop  strain.  The  longitudinal  thermal  expansion; 
however,  was  limited  by  the  copper-clad  steel  center  conductor. 

The  theoretical  fatigue  life  of  the  aluminum  shielding  was 
determined  to  be  34  years  and  24  years  for  the  size  6  and  size  1 1 
coaxial  cables,  respectively. 
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Abstract 

This  paper  presents  a  new  method  for  the  calculation  of  the 
impedance  of  high  frequency  channels  and  in  particular  that  of 
shielded  twisted  pair  cables.  Its  main  advantage  is  that  it  uses  a 
more  realistic  shield  geometry  instead  of  the  ideal  cylindrical  case, 
which  most  of  the  related  literature  is  based  on.  It  uses  conformal 
mapping  for  the  conductor-to-conductor  capacitance  and  effective 
permittivity  calculations  for  extra  accuracy.  Lastly,  characteristic 
impedance  equations  are  derived.  Comparison  with  measurements 
is  made  to  show  the  improvement;  practical  considerations  of  the 
new  method  are  also  addressed. 

Keywords 

Shielded  cables,  conformal  mappings,  impedance 

1.  Introduction 

This  paper  is  concerned  with  high  frequency  shielded  channels.  In 
this  configuration  two  copper  conductors,  each  enclosed  in  its 
own  insulation  are  twisted  together  and  are  surrounded  by  a 
shield.  The  purpose  of  the  shield  is  to  add  extra  protection  to  the 
pair  from  electromagnetic  interference  initiated  by  external 
sources.  Up  to  date,  the  highest  frequency  is  achieved  with 
Category  7  cables  that  can  work  up  to  frequencies  of  600  MHz 
[1].  Significant  work  has  been  done  to  improve  the  accuracy  of 
Unshielded  Twisted  Pair  (UTP)  Cable  formulae  [2].  However,  in 
the  case  of  Shielded  Twisted  Pair  (STP)  cables  the  literature 
relating  to  the  formulation  of  primary  parameters  as  capacitance 
and  inductance  of  STP  cables  is  more  complex  and  a  deeper 
understanding  is  required. 

In  the  shielded  case  the  complexity  of  the  configuration  increases 
dramatically,  as  the  number  of  conducting  surfaces  from  just  two 
in  the  UTP  case  (two  parallel  conductors)  increases  to  three  (two 
parallel  conductors  and  the  shield)  in  the  STP  case.  Based  on  the 
fact  that  the  structure  is  usually  symmetrical  with  respect  to  the 
centre  of  the  shield,  it  means  that  only  two  capacitance  values  are 
required  to  describe  the  system.  One  is  the  mutual  capacitance 
between  the  parallel  conductors,  the  other  is  the  capacitance 
between  each  individual  conductor  and  the  shield.  The  structure 
of  the  paper  is  as  follows.  Initially,  the  relations  relating  the 
electrical  parameters  of  the  conductors  and  the  shield  (charge, 
potential)  are  presented  and  are  applicable  to  any  given  geometry 
subject  to  the  determination  of  a  number  of  constants.  The  major 
step  then  is  to  obtain  these  constants  by  analysing  the  geometrical 
structure  of  the  system.  Then,  conformal  transformations  are  used 
for  the  calculation  of  the  mutual  capacitance.  Furthermore  a 
method  to  calculate  the  effective  permittivity  is  introduced. 


Finally,  expressions  for  the  characteristic  impedance  are 
developed  and  compared  with  measurements. 

2.  Capacitance  calculation 

2.1  Coefficients  of  potential 

In  a  system  consisting  of  two  parallel  conductors,  surrounded  by  a 
grounded  shield,  as  in  Figure  1  the  potential  on  the  surface  of 
each  one, 

^1  =  'll  -tfl+r.2  <h  (1) 

°2  =r2l  qx  +r22  • q2 

(2) 


where  the  r  constants  depend  solely  on  the  geometry  of  the  system 


Figure  1:  Practical  cross-section  shape  of  tw  isted-pair  cable 


In  order  to  calculate  the  potentials  Q>1  and  d>2  the  determination  of 
the  r  constants  is  required.  First  constant  to  be  determined  is  r,b 
which  relates  each  conductor  with  the  shield. 

The  first  important  point  to  observe  is  that  the  surfaces  of  the 
inner  conductors,  when  they  are  not  directly  facing  each  other, 
they  correspond  to  that  ones  of  a  coaxial  case.  This  gives  a 
potential  of 


vln 


7t-£, 


(3) 


where  R  is  the  radius  of  the  dielectric,  x  the  radius  of  the  inner 
conductor,  fr  the  dielectric  permittivity  and  y=l  or  2  (for  each 
inner  conductor). 
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The  following  conformal  transformation  [3],  mapping  polygons 
and  circles  in  the  w  plane  into  approximate  circles  in  the  z  plane, 
as  in  Figure  2,  has  been  used  to  account,  in  part,  for  the  shape  of 
the  shield. 


w  =  apAp^aj-zJ 


1 

jp+ 1 


(-1); 


(5) 

(6) 


Where  a,,  is  the  apothem  of  the  polygon,  p  is  the  number  of  axes 
of  symmetry  and  Ap  is  a  constant  relating  to  p.  In  this  method  the 
values  of  p  and  Ap  is  4  and  1.078  respectively  [3]. 

w  =  orp(l.078z-0.108z5  +  0.045z9  -0.026z13  +•••) 
(7) 

Having  converted  this  part  of  the  shield  into  two  eccentric  circles, 
then  the  more  simplified  coaxial  theory  can  be  used.  If  the 
dielectric  was  homogeneous  the  capacitance  C  would  be 


and  because  each  conductor  has  been  mapped  into  a  coaxial 
system,  then  from  equations  1  and  4a  and  disregarding  at  this 
stage  the  effect  of  the  second  conductor  the  self-potential  constant 
rn  is  given  as, 


The  rest  of  the  field,  is  confined  mainly  between  the  interaction  of 
the  two  parallel  conductors  so  it  will  be  used  solely  for  the 
determination  of  constant  r^. 

In  order  to  find  the  effect  of  the  second  conductor  into  the  first 
one,  the  method  of  images  is  implemented  on  the  path  between 
the  two  conductors. 

Initially,  the  potential  on  a  arbitrary  point  Z,  due  to  a  charge  and 
its  image,  is  given  by 
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<*>  =  <!>  +0  =— 


(+#)ln  — 

\Po+ 


Next  step  is  to  equate  the  numerators  and  the  denominators  of 
equation  14. 

One  of  the  solutions  of  equation  14  (equating  the  numerators) 
gives 


where  q  is  the  charge  on  conductor 
-q  is  the  charge  of  the  image 
P+  is  the  distance  of  the  conductor  to  an  arbitrary  point  Z 
P  is  the  distance  of  the  image  conductor  to  arbitrary  point  Z 
Po+  *s  the  distance  of  the  conductor  to  the  zero  potential  point 
Po-  is  the  distance  of  the  image  conductor  to  the  zero  potential 
point 

ecfr  is  the  effective  permittivity  of  the  system  which  can  be 
calculated  using  the  conformal  mappings  technique  of  section  3  of 
this  paper. 

The  shield  will  simplify  the  calculations  using  the  fact  that  is 
grounded  and  the  point  in  question  could  be  assumed  to  be  on  the 
surface  of  circle  with  radius  2R.  Furthermore,  it  is  assumed  that 
the  charge  on  the  surface  of  the  inner  conductors  is  uniform. 

Applying  the  superposition  theorem  on  the  surface  of  the  shield, 
on  the  path  between  the  two  conductors  and  the  shield  regarding 
initially  the  conductors  as  point  charges,  [4],  (for  simplicity  of 
calculation  the  outer  conductor  will  initially  considered  as 
spherical,  as  the  geometry  examined  on  this  paper  is  mapped 
similarly  in  a  conductor  case) 


o  =  — L_ 

AK£eff  Po-  Po- ♦ 


The  charge  of  the  image  conductor  has  been  assigned  for  clarity  as 
q0  in  this  case. 

Applying  equation  12b  to  the  examined  system  of  Figure  1  gives, 


<Jo  _  q 


From  equation  12b, 


q0=-<j- 


Thcn,  combining  the  results  in  equations  12a,  15  and  16,  the 
potential  of  a  conductor  (surrounded  by  a  cylindrical  shield)  and 
its  image  in  an  arbitrary  point  Z  is  given  in  equation  17. 


2  7te„„ 


where  p  is  the  distance  of  the  image  to  the  arbitrary  point  Z 

P-  is  the  distance  of  the  conductor  to  the  arbitrary  point  Z 
q  is  the  charge  of  the  conductor 

If  the  denominator  equality  of  equation  14  is  considered  then, 

*  b,  ,  R\  „ 

r"Fz=¥r"2  (,8) 


r^-r+i-^  =o  (,3) 

^eff\\R -b\  \R -k\ 

where  b,  is  the  distance  from  the  centre  of  the  shield  to  the  image 
of  the  second  conductor  and  R  the  maximum  distance  from  center 
of  shield  to  its  surface. 

By  solving  equation  13  and  then  dividing  by  R  the  first  part  of 
the  equation  and  by  K  the  second  one, 


Squaring  equation  18  gives, 


1  1b'  M  1  O*’  NO 

1-V(r-z)+M  =x-2T{r-z)+h\  (19) 


By  equating  factors  of  the  left  hand  and  right  hand  sides  of 
equation  19, 


-  b<  . 

r — '-z 

R 


. R  . 

r~~z 


where,  r  is  a  unit  vector  and  refers  to  radius  R  of  the  shield 

and  Z  is  a  unit  vector  and  refers  to  the  distances  of  the 
conductors  and  their  images  to  the  center  of  the  shield 


So  equation  17  gives, 


,  Al&2  K 

q2  In  =1=4  — 

\A\A2  & 
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where  AXB2  is  the  distance  from  the  first  conductor  to  the 

image  of  the  second,  AXA2  is  the  distance  between  the  two 
conductors. 

Using  20  into  21  and  substituting  the  geometrical  value  of  R , 


&  =  rnr22-rnr2i 


<d2  =-(o1-o2)+o1  =  ~vn + VK 


(bj+K  K 
^2’  n|  2-K  2  R 


Combining  equations  24  and  28, 


and  from  equation  1, 


But  from  electrostatic  theory  [5],  for  the  geometry  considered, 


+  1  IK 


Q\  “  *  rl0  +  c12  * 


Oi 

ri2  ■“  -  ‘ 


Because  of  the  symmetry  of  the  structure  and  the  reciprocity 
being  present 

*ll  =  *22  »  r\2  —  *21  (23b) 

so  there  is  no  need  for  extra  calculations  for  r22  and  r2i. 


2.2  Conductor  to  shield  capacitance 

However  the  system  of  Figure  1  cannot  be  treated  solely  with 
coaxial  theory,  so  the  following  procedure  is  required.  In  order  to 
calculate  the  capacitance  the  potential  on  each  conductor  have  to 
be  related  to  both  individual  charges.  By  inverting  equations  1 
and  2, 


Hence, 


c„=  PH+P,2  <!» 

So  by  solving  equation  31  the  conductor  to  shield  capacitance  can 
be  calculated. 

2.3  Mutual  capacitance 

The  next  step  is  to  calculate  the  mutual  capacitance  between  the 
parallel  conductors.  In  this  case  conformal  mappings  will  be  used 
as  they  can  map  satisfactory  any  inhomogeneities  between  the 
parallel  conductors.  The  conformal  mappings  used  in  [6]  for  the 
determination  of  the  capacitance  of  unshielded  cables  was  used. 

w  to  z  plane  transformation 


<7i  =  fin  +  Pn 


w  =  x-  sinh  Xj  coth  - 


z  to  w  plane  transformation 


^2  fin  '  fin  '  ^ 2 


w+iJsinhXj 

w-i^sinh^ 


n  -!jl  r 

A,  -  A  Az  a 


_£2i_  a  _ 

.  Hll  ~  A 

A  A 


xx  =  cosh" 


The  characteristic  of  this  transformation  is  that  the  boundaries  of 
the  metal  conductors  in  the  w  plane  are  transformed  in  parallel 
lines  in  the  z  plane  and  the  dielectric  boundaries  into  curved 
contours  respectively.  The  shield  is  mapped  in  the  area  between 
the  parallel  lines  as  in  Figure  3b.  Conformal  mapping  on  the 
boundaries  is  valid  because  it  retains  the  angle  of  refraction  of 
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lines  of  force  on  the  boundary  [6].  The  mutual  capacitance  is 
calculated  by  considering  the  parallel  lines  as  plates  of  capacitors 
and  obtaining  the  capacitance  in  the  area  where  the  shield  is  not 
present. 

Figures  3a  and  3b  shows  an  example  of  a  cable  with  insulation  to 
inner  conductor  radius  ratio  equal  to  3.  Figure  3a  shows  a  replica 
of  Figure  1  represented  on  the  w-plane  for  the  above  ratio.  Figure 
3b  shows  the  corresponding  mapping  on  the  z-plane  when 
equations  33  and  34  are  used.  As  it  can  be  seen  the  parallel 

straight  lines  are  mapped  at  x  =  ±1.76,  as  expected  from 
equation  34. 


Figure  3a:  Cotangent  hyperbolic  transformation  (w-plane) 


.  _  Cn  +  Cn 
eff  C0,  +  C02 


(35) 


where  Cn  is  the  mutual  capacitance  calculated  in  section  2.3,  C0i 
is  the  conductor  to  shield  capacitance  for  air  medium  between 
them,  and  C02  the  mutual  capacitance  between  the  inner 
conductors  separated  by  air  medium  as  well. 

4.  Impedance  calculation 

Usually  the  cable  manufacturers  specify  several  nominal 
parameters  for  the  cable.  Two  of  them  are  the  characteristic 
impedance  and  the  velocity  of  propagation.  Furthermore  the 
dielectric  constant  of  the  medium  (insulation)  e,.  is  related  to  the 
velocity  of  propagation,  v,  by  [7], 


(36) 


where  vG  is  the  velocity  of  light.  So  when  the  velocity  of 
propagation  is  known  the  value  of  the  medium  permittivity  can  be 
calculated. 

By  calculating  the  effective  permittivity  in  the  previous  section, 
then  the  line  can  be  treated  as  homogeneous  with  the  permttivity 
value  the  effective  one. 

Then,  for  a  TEM  mode  of  propagation  and  a  homogeneous 
medium,  the  following  equation  states, 


Figure  3b:  Cotangent  hyperbolic  transformation  (z-plane) 


3.  Effective  permittivity 

This  requires  calculation  of  the  capacitance  (using  conformal 
mappings  as  in  section  2)  with  and  without  the  dielectric  present 
and  then  using  the  ratio  of  these  capacitances  to  find  the  effective 
permittivity.  The  capacitance  required  in  this  step,  is  calculated  by 
adding  arithmetically  the  conductor  to  shield  and  conductor-to- 
conductor  capacitances. 


LC  ~  Vs eff  (37) 

where  L  is  inductance,  C  is  the  capacitance  and  p  the 
permeability  of  free  space. 

Also, 


Then,  the  impedance  can  be  given  as  function  of  the  capacitance 
C  by 


The  final  step  is  to  take  into  account  the  effect  of  the  twist  on  the 
actual  length  of  the  cable  and  consequently  on  the  capacitance  per 
unit  length  (which  in  this  case  will  be  1  meter). 

Considering  that  the  voltage  and  the  current  propagate  along  the 
wires  of  length  L,  Pythagoras’  theorem  gives,  the  propagation 
constant  p  in  the  x-axis  is  given  by 
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P' 


P  _^v^2+M2 

sin  a  P 


(40) 


Where  P  is  the  Lay  length 

D  is  the  diameter  of  the  pair 
So  by  assigning  a  constant  AD  as  a  correction  factor , 


6.  Conclusions 

A  new  method  of  the  calculation  of  the  impedance  for  cables  with 
non-ideal  shields  has  been  developed.  The  advantage  of  this  method 
is  that  it  can  calculate  the  capacitance  for  any  shields  without 
employing  complex  modeling  techniques  such  as  the  Method  of 
Moments  (MOM),  Finite  Element  Analysis  Method  (FEA)  etc.  Also 
the  use  of  conformal  mappings  involves  simple  calculations  (it  maps 
a  complex  structure  to  a  much  simpler  one)  and  have  been 
integrated  in  the  equations  given  for  the  conductor  to  shield  and 
mutual  capacitances.  The  results  presented  demonstrate  the 
accuracy  of  the  technique. 


Then  the  total  length  of  the  cable  La,  will  be  given  by 

La  =  Lt-  AD  (42) 

5.  Results 

A  PimF  cable  has  been  examined  in  this  paper  with  the 
following  geometrical  characteristics. 

Conductor  diameter:  0.574mm 

Insulation  diameter:  1 .52mm 

Dielectric  constant  of  insulation  (foam)  =  1 .93 

The  twist  lay  length  for  the  above  calculation  was  assumed  to  be 
20mm  which  is  a  characteristic  value  for  this  kind  of  cables. 


Table  1:  Comparison  between  theory  and  measurements 


theory 

Measurements 

Capacitance  to 
shield  (pF/m) 

67 

69 

Mutual 

capacitance 

(pF/m) 

45 

43 

Characteristic 

Impedance 

(a/m) 

102 

-100 
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Abstract 

The  performance  change  of  data  grade  cables  is  investigated  as  a 
function  of  an  environmental  treatment.  It  is  shown,  that 

-  the  temperature  coefficient  of  attenuation  increase,  using 
commercially  available  jacket  materials  may  be  substantially  higher 
than  indicated  in  the  standards. 

-  the  sensitivity  to  humidity  of  data  grade  cables  is  due  to  the 
moisture  pick-up  of  the  surrounding  jacketing  material.  This  effect 
is  reversible  at  room  temperature  and  to  a  large  extent  also  at 
elevated  temperature. 

-  the  aging  of  the  jacket  material  and  a  migration  of  the  plasticizer 
into  the  insulating  materials  may  substantially  increase  the 
attenuation.  It  is  shown,  that  primarily  polyolefin  insulations  are 
susceptible  to  plasticizer  ingress  from  the  surrounding  jacketing 
material,  though  at  low  frequencies,  up  to  approximately  5  MHz, 
also  fluorinated  ethylene-propylene  insulations  are  affected  as 
well  by  aging  of  the  cable.  The  mechanism  leading  to  this  effect 
could  not  yet  be  assessed. 

The  paper  focuses  on  development  of  test  methods  to  determine 
the  environmental  impacts.  It  is  mandatory  to  specify  such  test 
methods,  in  order  to  obtain  comparable  data. 

Some  recommendations  are  given  as  to  the  selection  of  proper 
cable  designs  to  minimize  the  environmental  impacts. 

Keywords 

Aging  of  jacketing  materials,  temperature  coefficient  of  attenuation 
increase,  plasticizer  migration,  moisture  adsorption,  test  methods 

1.  Background 

There  are  basically  three  common  environmental  effects  which 
have  a  direct  influence  on  the  transmission  performance  of  cables, 
i.e.  Temperature,  Humidity,  and  Long-term  Exposure  to  Elevated 
Temperatures. 

To  take  the  impact  of  temperature  of  data  grade  cables  into 
account,  a  so  called  temperature  coefficient  of  attenuation 
increase  has  been  standardized.  This  coefficient  has  been 
originally  based  upon  the  copper  losses  alone  [1].  Later  on  the 
coefficient  has  been  increased  to  nearly  twice  this  amount  [2]  for 
high  performance  data  grade  cables.  In  these  cases  a  flat 
frequency  response  has  been  assumed  for  the  increase  of 
attenuation  as  a  function  of  temperature.  There  is  no  test  method 
indicated  so  far  yet  for  the  determination  of  the  temperature 
coefficient  of  attenuation  increase. 

However  such  a  test  procedure  is  being  currently  submitted  to 
ASTM  for  incorporation  into  the  ASTM  D  4566. 


On  the  impact  of  humidity  on  the  transmission  performance  of 
data  grade  cables  numerous  contributions  have  been  made  in  the 
past.  However,  the  relevant  standards  do  not  yet  reflect  this 
property.  The  first  reporting  on  this  subject  was  a  contribution  by 
the  Belden  Electronics  Division  at  a  TIA/ICEA  meeting  in  Ottawa 
in  1995.  At  this  time  the  following  phenomena  has  been  reported 
on  patch  cables:  the  attenuation  had  been  measured  24  hours  after 
manufacturing  and  passed  the  requirements.  Leaving  the  cable  on 
a  shelf  for  an  extended  period  of  time  yielded  a  substantially 
higher  attenuation.  It  has  been  inferred  at  that  time,  that  this 
effect  concerns  only  stranded  patch  cords,  and  it  has  been 
conjectured  that  this  might  be  due  to  a  moisture  accumulation  in 
between  the  strands  of  the  conductor.  The  effect  observed  is 
show  in  Fig.L 


Fig.l:  Attenuation  of  patch  cable  after  manufacturing,  4  month  later  and 
after  a  drying  at  60  °C  for  48  hours. 


It  will  be  shown  in  this  paper  that  this  effect  is  exclusively  due  to 
the  impact  of  humidity  on  the  jacketing  compounds.  In  fact,  this 
effect  is  due  to  the  water  adsorption  of  the  fillers/flame  retardants 
in  the  jacketing  compounds. 

The  long-term  exposure  to  elevated  temperatures  is  generally 
simulated  by  a  short-exposure  to  high  temperatures  (aging)  [3][4]. 
Thus  the  aging  of  cables  is  a  very  well  established  procedure  to 
test  their  mechanical  performance,  and  the  procedures  and  aging 
regimes  towards  this  purpose  are  well  reflected  in  the  relevant 
standards.  They  take  care  as  well  of  the  different  continuous 
operating  temperatures. 

These  methods  have  been  used  to  predict  life  time  of  cables  [5]. 

Some  articles  concerned  the  longevity  of  coaxial  cables,  under 
inclusion  of  the  transmission  performance  considerations.  [6][7]. 
However  the  aging  and  its  impact  upon  the  electrical  performance 
of  data  grade  cables  in  balanced  mode  transmission  has  not  yet 
been  considered  or  standardized. 
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Thus  there  is  no  method  available  yet  of  how  to  assess  these 
effects  experimentally. 

2.  Introduction 

There  are  several  objectives  pursued  in  this  paper.  Thus  the 
following  subjects  are  elucidated  with  the  aim: 

-  to  indicate  clearly  defined  and  reproducible  test  methods  for 
assessing  the  main  environmental  effects  upon  the  transmission 
performance  of  data  grade  cables  we  are  concerned  with  here, 
i.e.  Temperature,  Humidity,  and  Long-term  Exposure  to 
Elevated  Temperatures.  In  this  case  the  emphasis  is  placed 
upon  the  utilization  of  relatively  small  air  circulating  ovens  and 
climate  chambers. 

-  to  demonstrate  that  the  behavior  of  the  temperature  coefficient  of 
attenuation  increase  is  more  complex,  than  so  far  reflected  in  the 
standards,  and  that  this  fact  will  have  to  be  reflected  mainly,  if  the 
performance  levels  are  further  increased.  Such  an  increase  in 
performance  may  be  required  in  the  cabling  systems  for  the 
industrial  environment.  It  should  be  mentioned,  that  this  may  have 
also  an  impact  upon  the  “echo  forward”  performance,  hence  upon 
the  noise  generated  in  a  cabling  system,  if  the  heating  of  the  cable 
is  longitudinally  inhomogeneous,  i.e.  alternating  over  length 

-  to  show  that  CM  or  CMR  rated  cables  are  generally  more 
susceptible  to  plasticizer  migration  than  plenum  rated  cables. 

-  to  highlight  the  impact  of  the  migration  of  the  commonly  used 
plasticizers  into  polyolefin  insulations. 

-  to  show  that  mixed  insulation  types  in  plenum  cables  may 
result  in  a  similar  degradation  of  transmission  performance  as 
in  the  CM  or  CMR  rated  cables,  as  far  as  it  concerns  the 
polyolefin  insulated  pair(s). 

-  to  show  that  the  majority  of  commercial  jacketing  compounds 
for  plenum  cables  yields  a  very  substantial  dependency  of  the 
transmission  performance  to  moisture  pick-up  during  long  term 
exposures  to  higher  levels  of  relative  humidity. 

-  to  show  the  small  impact  of  the  plasticizer  exuding  from  the 
compound  at  higher  temperatures  in  FEP  insulated  cables. 

To  support  the  findings  on  the  transmission  performance  of  data 
grade  cables,  measurements  on  slabs  of  different  jacketing 
materials  have  been  made,  before  and  after  exposing  them  to  the 
same  environmental  treatment  as  the  cables. 

3.  Methodology 

Here  the  main  focus  is  given  to  the  attenuation  performance  of  the 
data  grade  cables,  though  the  propagation  speed  and  the  return 
loss  are  impacted  upon  as  well. 

3.1  The  measurement  of  attenuation 

As  the  cables  will  have  to  be  measured  prior  and  after  exposure  to 
the  environmental  regime,  importance  has  to  be  attached  to  the 
measurement  of  the  attenuation  under  the  geometrical  constraints. 
Thus  the  cables  need  to  be  coiled  due  to  the  dimensional 
constraints  of  the  air  circulating  ovens  and  the  climate  chambers. 
However,  coiling  of  UTP  cables  generally  results  in  “inter 
winding  cross  talk”,  which  in  turn  affects  directly  the 
measurement.  A  typical  “attenuation”  measurement  is  shown  in 
Fig.  2.  The  result  is  a  relatively  rough  attenuation  curve. 


This  roughness  is  not  to  be  confounded  with  the  one  encountered 
due  to  impedance  variations  along  the  transmission  line  (ILD). 
However,  it  would  result  also  in  an  echo  forward  noise,  affecting 
transmission  performance.  Therefore  it  is  mandatory  to  avoid 
coiled  UTP  cables  in  a  transmission  channel. 

As  a  result  it  is  required  to  curve  fit  the  attenuation  curves, 
measured  before  and  after  exposure  to  the  environmental  regime. 
This  is  the  more  important,  as  the  coiled  cables,  whose  ends  are 
fed  out  of  the  air  circulating  oven  or  climate  chamber  no  more 
than  approx.  12  inches,  may  shift  during  the  environmental 
regime  due  to  the  thermal  expansion  and  due  to  vibration  and  air 
movement  inside  the  air  circulating  oven  or  climate  chamber. 
Such  a  small  shifts  will  in  turn  shift  also  the  measurements  with 
respect  to  the  occurrence  of  the  extremes  over  frequency. 


Fig.  2:  Typical  roughness  of  the  attenuation  if  the  cable  is  measured  in  coil 
form.  The  roughness  is  due  to  inter  winding  cross  talk  coupling. 

Hence,  in  order  to  be  able  to  compare  the  values  at  different 
exposure  points  during  the  environmental  treatment,  a  curve  fit 
of  the  obtained  measurement  points  is  mandatory.  Since  the 
determination  of  the  temperature  coefficient  of  attenuation 
increase  depends  also  upon  the  DC  resistance,  a  four  term 
curve  fitting  function,  suitable  for  UTP  cables  has  been  used: 

a  =  a  +  b-Vf  +  c-f  +  -p  (1) 

Vf 

where: 

f  -  is  the  frequency,  and 

a,b,c,d  -  are  the  constants  of  the  curve  fit. 

Thus  we  obtain  for  instance  for  the  measurements  of  Fig.  2  the 
curve  fit  depicted  in  Fig.  3. 

The  curve  fit  functions  are  well  suited  to  compare  the 
measurement  data  after  the  different  exposures  in  the 
environmental  regime.  In  fact,  these  functions  may  be  used 
directly  to  calculate  the  required  values. 

3.2  The  temperature  coefficient  of 
attenuation  increase 

The  temperature  coefficient  of  attenuation  increase  B  defined 
as: 
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Fig.  3:  Curve  fit  of  the  measurement  data  represented  in  Fig.  2. 
where: 


Tref  -  is  the  starting  reference  temperature 

T  -  is  the  temperature  for  which  the 

measurement  is  to  be  taken 

a  -  Is  the  attenuation  measured  at  the 

temperature  T  or  the  reference 
temperature 

The  reference  test  temperature  for  these  tests  has  been  set  to  20 
°C,  whereas  the  temperature  to  determine  the  temperature 
coefficient  of  attenuation  increase  has  been  set  to  60  °C.  It  should 
be  mentioned  however,  that  the  temperature  coefficient  of 
attenuation  increase,  as  far  as  it  concerns  that  portion  exceeding 
the  copper  loss,  is  primarily  due  to  the  dielectric  losses  of  the 
jacketing  material.  These  losses  are  not  necessarily  linear  with 
temperature.  Thus  the  temperature  coefficient  of  attenuation 
increase,  measured  over  lets  say  half  the  temperature  span  than 
indicated  above,  may  not  yield  the  same  result! 

3.3  The  humidity  exposure  regime 

The  attenuation  increase  ©  defined  as: 


^  ^Hum  a  Tref 

A.  = - x100  [%] 


aT 


ref 


where: 


(3) 


Tref  -  is  the  starting  temperature  at  the 

reference  humidity  level  (20  %  RH) 

Thuih  -  is  the  temperature  of  the  humidity 

exposure  regime,  here  for  instance 
60  °C  at  90  %  RH 

®  -  Is  the  attenuation  measured  at  the 

temperature  T^m  or  the  reference 
temperature  Trcf. 

The  cables  were  placed  in  coil  form  into  a  climate  chamber  with  the 
ends  of  the  cable  extending  12  inches  out  of  the  chamber.  They  were 
then  conditioned  for  24  hrs  at  20  %  RH,  after  which  time  a  base  line 


measurement  of  the  attenuation  has  been  made.  This  base  line 
measurement  is  referred  to  as  20  °C  /  20  %  RH,  or  simply  20  /  20. 
The  temperature  was  then  raised  to  60  °C  while  maintaining  the 
same  relative  humidity  level  for  24  hrs.  After  this  time  period,  a 
measurement  has  been  taken,  to  determine  the  temperature 

coefficient  of  attenuation  increase,  after  curve  fitting  the 
measurement  data  20  /  20  and  60  /  20. 

Then  the  humidity  level  has  been  raised  to  90  %  RH,  while 
maintaining  the  temperature  at  60  °C.  The  cables  are  then 
exposed  for  120  hrs  to  these  conditions.  A  level  of  60  °C  /  90  % 
RH  for  120  hrs  has  been  selected  to  accelerate  the  moisture 
adsorption  of  the  flame  retardant  package,  based  upon  the 

diffusion  equation  for  the  moisture  adsorption  and  simulating  a 

long  term  exposure.  After  this  time  the  attenuation  has  been 
measured  as  well,  to  eventually  determine  the  temperature 

increase  of  attenuation  under  simultaneous  exposure  to  humidity. 

Then  the  temperature  was  lowered  again  to  20  °C,  while 
maintaining  the  relative  humidity  at  a  level  of  90  %.  The  cables 
are  conditioned  under  these  conditions  for  another  24  hrs,  after 
which  time  another  measurement  of  the  attenuation  has  been 
made.  These  measurements  are  referred  to  also  as  20  /  90. 

3.4  The  aging  and  the  aging  regime 

As  far  as  the  aging  concerns,  it  is  logical  to  use  the  same  aging 
regime,  as  used  for  the  mechanical  properties.  The  aging  regimes 
interesting  here  have  been  developed  for  different  operating 
temperatures,  and  refer  to  PVC  type  jackets.  Here  the  aging 
mechanism  is  mainly  influenced  by  plasticizer  loss.  Now  it  is 
obvious,  that  the  plasticizer  migrating  out  of  the  jacket  material 
goes  both  ways,  into  the  surroundings  of  the  cable  as  well  as  to 
the  inside,  i.e.  towards  the  insulated  wires.  The  kinetics  of  the 
plasticizer  migration  into  polyolefin  insulations  depends  upon  the 
type  of  plasticizer  used.  Some  plasticizers  migrate  into  the 
polyolefin  in  amounts  affecting  already  the  attenuation  at  an 
amazingly  fast  rate,  which  exceeds  even  the  migration  rate  out  of 
the  PVC  jacket.  Thus  it  is  fully  justified,  to  use  the  same  aging 
regime  as  for  the  mechanical  properties  also  for  the  electrical 
transmission  performance. 

For  data  grade  cable  the  normally  used  aging  regime  is  a  short 
term  exposure  for  168  hours  at  100  °C,  to  simulate  a  long  term 
operating  temperature  of  60  °C. 

The  attenuation  increase  due  to  aging  r\  is  defined  as: 


ft  = 


ttT  -  “Tref 
“Tref 


x  100 


[%] 


where: 


(4) 


Trcf  -  is  the  starting  reference  temperature 

T  -  is  the  temperature  of  the  aging 

regime,  here  100  °C 

G  -  Is  the  attenuation  measured  at  the 

temperature  T  or  the  reference 
temperature 

It  could  be  conjectured  that  the  increase  of  attenuation  due  to 
temperature  may  become  negative,  i.e.  it  might  be  an  “attenuation 
decrease”  especially  for  FEP  insulations  at  higher  frequencies. 
This  could  happen  due  to  an  improvement  of  the  cable  jacket  due 
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to  plasticizer  loss  and  due  to  the  fact  that  FEP  does  normally  not 
absorb  plasticizers,  i.e.  it  represents  normally  a  very  effective 
barrier  against  plasticizer  migration. 

3.5  The  types  of  cables  investigated 

The  following  types  of  cables  have  been  investigated: 

1 .  CM  and  CMR  rated  cables 

2.  CMP  rated  cables 

3.  LSOH  type  cables. 

On  the  LSOH  cables  results  will  not  be  reported,  but  there  will  be  given 
some  general  statements. 

Emphasis  has  been  placed  to  also  include  cables  with  mixed 
insulation  material.  Such  cable  designs  may  be  interesting  from  a 
cost  point  of  view.  Their  inclusion  in  this  study  seems  interesting 
to  assess  their  viability  and  potential  regarding  the  environmental 
impacts. 

Therefore,  within  the  second  group  additionally  cables  with  mixed 
types  of  insulation  have  been  used,  i.e.  cables  with  3  pairs  which  are 
FEP  insulated  while  one  pair  which  is  polyolefin  insulated.  These  types 
of  cables  are  normally  referred  to  as  3/1  type  cables  as  compared  to  4  /  0 
type  cables,  having  four  FEP  insulated  pairs. 

3.6  Dielectric  performance  of  commercial 
jacketing  compounds 

Several  of  the  tested  cables  were  produced  with  different 
commercially  available  jacketing  compounds. 

In  order  to  obtain  a  base  line  behavior  of  these  jacketing 
compounds  as  well,  their  dielectric  behavior  has  been  assessed 
before  and  after  environmental  exposure. 

Obviously  the  jacket  materials  containing  a  large  flame  retardant 
package  are  very  susceptible  to  water  adsorption  to  these 
particulate  filling  materials,  if  their  surface  is  not  treated  to 
become  fully  hydrophobic.  Therefore  one  may  expect  a  strong 
degradation  of  the  dielectric  loss  of  these  compounds.  This 
concerns  especially  those  compounds  which  are  used  for  plenum 
type  cables,  as  they  contain  a  relatively  high  amount  of  flame 
retardants. 

In  order  to  measure  the  dielectric  properties  of  the  jacketing 
compounds,  slabs  of  suitable  thickness  have  been  produced,  and 
these  slabs  have  then  been  measured  at  room  temperature  after 
conditioning  them  at  20  %  RH  for  24  hours.  Then  these  slabs 
were  exposed  to  the  same  humidity  levels,  i.e.  90  %  RH  for  120 
hours,  as  the  cables  to  measure  the  impact  of  humidity  on 
attenuation. 

To  measure  the  complex  dielectric  constant  a  HP  4291 A  -  RF 
Impedance  /  Material  Analyzer  with  HP  16453 A  Dielectric 
Material  Test  Fixture  has  been  used. 

As  already  mentioned,  one  may  expect  the  dielectric  properties  of 
PVC  compounds  after  exposure  to  an  aging  regime  to  improve,  as 
the  large  part  of  the  dielectric  loss  of  PVC  compounds  can  be 
attributed  to  the  plasticizer,  which  migrates  out  of  the  jacketing 
compound  upon  aging.  To  measure  the  dielectric  properties 
before  and  after  aging,  similar  slabs  have  been  used  as  above. 
These  slabs  were  aged  for  168  hrs  at  100  °C  in  an  circulating  air 
oven  conforming  to  ASTM  D  5423,  Type  II  [8]. 


4.  Results 

4.1  Temperature  coefficient  of  attenuation 
increase 

The  temperature  coefficient  of  attenuation  increase  is  calculated 
either  based  on  the  measured  data  or  the  curve  fitted  data.  Both 
values  are  shown  here  sometimes,  in  order  to  demonstrate  the 
rather  strange  behavior  up  to  approximately  5  MHz. 

A  short  look  at  the  data  indicates,  that  mainly  CMP  type  cables 
meet  the  specified  value  of  the  temperature  coefficient  of 
attenuation  increase  of  0.4  %  /  °C,  where  as  the  CMR  or  CM  type 
cable  exceed  this  value  substantially.  This  can  be  attributed  to  the 
different  types  of  insulation  in  conjunction  the  jacketing  materials 
having  very  different  loss  characteristics. 

The  same  is  true  also  for  patch  cables  which  show  values  of  up  to 
0.9  %  /  °C.  For  patch  cable  this  does  not  seem  to  be  important,  as 
the  patch  cords  are  hardly  seeing  temperatures  in  excess  of 
approximately  35  °C. 

However  for  all  types  of  cables  the  standards  reflect  so  far  only 
values  of  0.4  %  /  °C,  and  this  flat  over  the  entire  frequency  range. 
It  should  be  noted  that  these  values  will  have  to  be  reevaluated  to 
reflect  practical  realities,  if  the  cables  are  to  be  used  at  elevated 
temperatures. 

Noteworthy  also  is  the  fact  that  cables  with  mixed  insulation 
types  have  a  slightly  different  behavior  of  the  temperature 
coefficient  of  attenuation  increase  for  those  pairs  which  have  an 
FEP  insulation  and  those  insulated  with  polyolefin. 


In  fact  the  temperature  coefficient  for  polyolefin  insulated  pairs  is 
markedly  higher  than  the  one  for  pairs  insulated  with  FEP. 


Fig.  4:  Temperature  coefficient  of  attenuation  increase  of  a  CMR  type 
cable,  calculated  from  measured  data  and  curve  fitted  data. 

4.2  Attenuation  increase  due  to  humidity 


exposure 

The  Fig.  10  shows  the  attenuation  of  a  polyolefin  insulated  pah- 
exposed  to  20  %  RH  at  20  and  60  °C  respectively.  This  pair  has  been 
prepared  with  openings  in  the  insulation  every  4  inches  over  the 
entire  length  of  100  m.  The  holes  were  approximately  0.25  inch 
long.  The  holes  in  the  insulation  alternated  between  the  conductors. 
Thus  the  stranded  conductors  were  directly  exposed  to  the  humidity. 
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Fig.  5.  Typical  curve  for  the  temperature  coefficient  of  attenuation 
increase  for  a  CMR  type  cable. 


Fig.  6:  Typical  curve  for  the  temperature  coefficient  of  attenuation 
increase  for  a  CMP  type  cable. 
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Fig.  7:  Temperature  coefficient  of  attenuation  increase  for  a  patch  cable, 
based  upon  measured  data. 

The  Fig.  1 1  shows  the  behavior  of  a  typical  CMR  type  cable, 
exposed  to  the  humidity  exposure  regime  whereas  the  Fig.  12 
shows  the  same  for  a  typical  CMP  type  cable. 

The  Fig.  13  and  Fig.  14  indicate  very  clearly  the  importance  of 
treating  the  flame  retardant  package  to  render  it  hydrophobic. 

Thus  the  Fig.  14  shows  the  attenuation  difference  at  60  °C 
between  the  conditions  at  20  %  RH  and  90%  RH.  It  shows 
clearly  the  very  small  difference  of  attenuation  due  to  moisture 


Fig-8:  Temperature  coefficient  of  attenuation  increase  for  the  patch  cable 
in  Fig.  7,  based  upon  curve  fitted  data. 


Fig.  9:  Temperature  coefficient  of  attenuation  increase  for  a  CMP  type 
cable  with  3  /  1  FEP  /  Polyolefin  (POL)  pairs 


Fig.  10:  Attenuation  of  a  patch  cable  pair  without  jacket.  The  insulation 
has  been  perforated  every  4  inches  for  approximately  for  *4  of  an  inch, 
alternating  on  the  conductors.  The  cable  has  been  measured  dry  and  after 
exposure  for  1 20  hours  to  60  °C  and  90  %  RH. 

pick-up  typical  for  compounds  with  hydrophobic  treated  flame 
retardant  packages. 

It  should  be  clearly  noted  that  the  attenuation  increase  for  the 
ordinary  CMP  cables  is  substantially  higher,  simply  due  to  the 
fact,  that  the  majority  of  the  commercially  available  compounds 
do  not  use  hydrophobic  treated  flame  retardants. 

It  is  obvious,  that  this  effect  can  be  substantially  reduced,  by 
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Fig.ll:  Attenuation  increase  for  a  CMR  type  cable  before,  during  and 
after  exposure  to  humidity  regime. 


Fig.  12:  Attenuation  increase  for  a  CMP  type  cable  before,  during  and 
after  exposure  to  humidity  regime. 


Fig.  13:  Attenuation  difference  at  60  °C  between  the  condition  at  20  % 
RH  and  90%  RH.  It  shows  clearly  the  large  increase  of  attenuation  due  to 
moisture  pick-up  typical  for  compounds  with  untreated  flame  retardants. 

using  hydrophobic  treated  flame  retardant  packages.  This  is 
shown  very  clearly  in  the  Fig.  14,  where  a  compound  with  such 
treated  flame  retardants  has  been  used. 

4.3  Attenuation  increase  due  to  aging 

Fig.  15  and  Fig.  16  show  the  results  obtained  on  the  same  CMR 
type  cable.  The  attenuation  increase  is  calculated  in  the  first  case 


Fig.  14:  Attenuation  difference  at  60  °C  between  the  condition  at  20  % 
and  90  %  RH.  It  shows  the  small  difference  of  attenuation  due  to  moisture 
pick-up  typical  in  compounds  with  hydrophobic  treated  flame  retardants. 
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Fig.  1 5 :  Attenuation  increase  for  a  CMR  type  cable  due  to  aging  after  168 
hour  aging  at  100  °C.  Calculation  based  upon  measured  values. 

based  upon  the  real  measurements,  whereas  in  the  second  case  the 
data  are  curve  fitted.  It  seems  to  be  important  to  show  these 
values  in  both  representations,  to  demonstrate  the  validity  of  the 
curve  fitting  for  the  proposed  test  methods. 

The  Fig.  17  and  Fig.  18  show  similar  results,  but  for  a  CMP  type 
cable.  The  Fig.  19  and  Fig.  20  show  the  difference  of  results 
obtained  using  the  same  jacketing  compound  on  pairs  insulated 
with  FEP  and  polyolefin,  respectively  (CMP  and  CMR  cables). 

Fig.  21  and  Fig.  22  show  the  behavior  of  a  CMP  type  cable  with  mixed 
insulations.  Noteworthy  here  is  the  similarity  between  the  results  obtained 
with  the  same  jacket  material  on  the  different  insulation  types. 

The  Fig.  23  and  Fig.  24  indicate  the  results  obtained  when  aged  cables 
are  additionally  subjected  to  a  humidity  exposure  regime.  The  CMP 
type  cables  showed  the  normal  behavior  which  is  to  be  expected,  falling 
back  to  a  relatively  low  value  after  cooling  to  20  °C  at  90  %  RH. 
However,  the  moisture  retention  of  some  of  the  CMP  type  cables  is 
noteworthy.  Thus  the  value  after  24  hours  at  20  °C  and  90  %  RH  just 
falls  below  the  value  obtained  at  60  °C  and  90  %  RH.  It  takes  a 
substantial  amount  of  time  to  get  back  close  to  the  original  attenuation 
by  drying  the  cable  at  20  °C  and  20  %  RH. 

4.4  Dielectric  performance  of  commercial 
jacketing  compounds 

The  reporting  on  the  complex  dielectric  constant  is  limited  to  two  typical 
compounds  one  for  each  type  of  cables,  i.e.  CMR  or  CMP. 
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Fig  16:  Attenuation  increase  for  a  CMR  type  cable  due  to  aging  after  168 
hour  aging  at  1 00  °C.  Calculation  based  on  curve  fitted  data  of  Fig.  1 5. 


Fig.  17:  Attenuation  increase  for  a  CMP  type  cable  due  to  aging  after  168 
hour  aging  at  100  °C.  Calculation  based  upon  measured  values. 


Fig.  18:  Attenuation  increase  for  a  CMP  type  cable  due  to  aging  after  168 
hour  aging  at  100  °C.  Calculation  based  on  curve  fitted  data  of  Fig.  17. 


The  reporting  will  be  limited  to  die  complex  dielectric  constant,  and 
will  not  elaborate  upon  the  loss  tangent.  Hence  we  have  for  the 
dielectric  constant: 

e  =  e*  +  je"  (5) 

Though  LSOH  compound  have  been  measured  as  well,  their  results  are 
not  reported  here. 

It  should  be  mentioned  that  major  differences  may  be  found  in 
commercial  LSOH  compounds.  For  EVA  based  compounds  little  impact 
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Fig.  19:  Attenuation  increase  for  a  CMP  and  CMR  type  cables  due  to 
aging  after  168  hour  aging  at  100  °C.  Calculation  based  upon  measured 
values. 


Fig-20:  Attenuation  increase  for  a  CMP  and  CMR  type  cables  due  to 
aging  after  168  hour  aging  at  100  °C.  Calculation  based  on  curve  fitted 
data  of  Fig.  19. 


Fig.21:  Attenuation  increase  for  a  CMP  type  cable  in  a  3/1 
FEP/Polyolefin  (POL)  pair  design  due  to  aging  after  168  hours  aging  at 
100  °C.  Calculation  based  upon  measured  values. 

from  aging  or  humidity  should  be  expected.  This  is  often  not  die  case. 

As  far  as  it  concerns  the  CMR  jacketing  compounds,  they  show  a 
relatively  limited  sensitivity  to  the  humidity.  This  is  obvious,  as 
they  contain  also  relatively  small  amounts  of  fillers  and/or  flame 
retardants  as  compared  to  the  CMP  jacketing  materials. 
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Therefore  they  show  also  much  less  water  adsorption  to  the 
particulate  matter  in  the  compound.  Fig.  25  indicates  practically  no 
increase  of  the  real  part  of  the  dielectric  constant,  while  Fig.  26  indicates 
a  slight  increase  of  the  imaginary  part  of  the  complex  dielectric 
constant,  responsible  for  increased  losses.  Also  the  aging  affects  only  to 
a  very  minor  extent  die  imaginary  part  of  the  complex  dielectric 
constant  of  CMR  type  compounds,  while  the  real  part  is  not  affected  at 
all.  See  Fig.  27  and  Fig.  28. 

Fig.  29  and  Fig.  30  indicate  the  complex  dielectric  constant  for  a 
typical  plenum  rated  compound.  The  real  part  shows  a  marked 
increase  which  is  relatively  very  high  towards  the  lower 
frequency  end.  The  imaginary  part  shows  an  extreme  increase 
also  with  a  substantial  sloping  up  towards  lower  frequencies. 
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Fig.22:  Attenuation  increase  for  a  CMP  type  cable  in  3  / 1  FEP  /  Polyolefin 
(POL)  pair  design  due  to  aging  after  168  hours  aging  at  100  °C.  Calculation 
based  on  curve  fitted  data  of  Fig.  21. 


Fig.23:  Attenuation  increase  for  a  CMR  type  cable  exposed  to  the 
humidity  regime  after  aging.  The  values  are  indicated  before,  during  and 
after  exposure  to  humidity,  and  after  conditioning  for  14  days  at  29  %  RH 
and  20  °C  for  drying. 

The  aging  alone  of  the  compounds  has  practically  no  impact  on  the 
dielectric  properties,  as  is  shown  in  Fig.  31  and  Fig.  32.  This  is  also 
normal.  There  is  no  interaction  with  any  insulating  material,  be  it  FEP 
or  polyolefin.  The  aging  of  the  jacketing  compounds  alone  is  of  little 
importance,  as  only  the  interaction  with  the  insulating  material  yields 
the  impact  on  the  attenuation  and  results  in  an  increase. 

Work  in  this  direction  is  under  way. 


Fig.24:  Attenuation  increase  for  a  CMP  type  cable  exposed  to  the  humidity 
regime  after  aging.  The  values  are  indicated  before,  during  and  after  exposure  to 
humidity,  and  after  conditioning  for  14  days  at  29  %  RH  and  20  °C  for 


Fig.  25:  Real  part  of  the  dielectric  constant  before  and  after  exposure  to  a 
humidity  regime  for  a  typical  CMR  compound. 


Fig.  26:  Real  part  of  the  dielectric  constant  before  and  after  exposure  to  a 
humidity  regime  for  a  typical  CMR  compound. 

5.  Discussion  of  Results 

The  results  presented  indicate  very  well  that  the  impact  of  the 
roughness  created  by  the  coiling  of  the  UTP  cables  can  be 
eliminated  by  curve  fitting.  The  presented  equation  (1)  to  do  this 
is  very  well  suited  towards  this  purpose. 

The  measurements  of  the  temperature  coefficient  of  attenuation 
increase  indicate  furthermore  very  clearly,  that  this  coefficient 
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Fig.  27.  Real  part  of  the  dielectric  constant  before  and  after  exposure  to 
an  aging  regime  for  a  typical  CMR  compound. 


Fig.  28.  Imaginary  part  of  the  dielectric  constant  before  and  after 
exposure  to  an  aging  regime  for  a  typical  CMR  compound. 


Fig.  29.  Real  part  of  the  dielectric  constant  before  and  after  exposure  to  a 
humidity  regime  for  a  typical  CMP  compound. 

goes  up  from  a  value  approaching  the  value  of  the  copper  losses 
at  low  frequencies  to  relatively  high  values  at  higher  frequencies. 

It  is  indicated  furthermore,  that  the  value  of  0.4  %  /  °C  flat  over 
the  entire  frequency  range  is  for  CMP  cables  sufficient,  see  Fig.  6. 
However  for  CMR  and  CM  type  of  cables  this  coefficient  has  to 
be  raised  to  approximately  0.6  %  /  °C  if  only  one  value  over  the 
entire  frequency  range  is  intended  to  be  specified,  see  Fig.  5. 

Alternately  the  temperature  coefficient  of  attenuation  increase 
may  be  specified  as  a  function  of  frequency.  Also  for  patch 


Fig.  30:  Imaginary  part  of  the  dielectric  constant  before  and  after 
exposure  to  a  humidity  regime  for  a  typical  CMP  compound. 
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Fig.  3 1 :  Real  part  of  the  dielectric  constant  before  and  after  exposure  to 
an  aging  regime  for  a  typical  CMP  compound. 
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Fig.  32:  Imaginary  part  of  the  dielectric  constant  before  and  after 
exposure  to  an  aging  regime  for  a  typical  CMP  compound. 

cables  the  coefficient  has  to  be  raised  to  approximately  0.75  or 
0.8  %  /  °C  if  specified  flat  over  the  entire  frequency  range,  see 
Fig.  8. 


A  problem  of  course  may  occur  with  mixed  types  of  insulations, 
where  the  coefficient  for  plenum  rated  cables  will  have  to  be 
raised  to  0.6  %  /  °C. 


The  moisture  pickup  of  the  jacketing  materials,  especially  of  the 
plenum  rated  commercial  compounds,  subjected  to  higher 
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humidity  levels  over  an  extended  period  of  time  or  in  an 
accelerated  test  at  higher  temperature  could  not  be  detected 
gravimetrically.  However,  it  could  be  easily  detected  by 
measuring  the  complex  dielectric  constant.  The  resultant  increase 
of  the  imaginary  part  of  the  dielectric  constant  is  substantially 
higher  at  lower  frequencies.  Together  with  a  slight  increase  of  the 
real  part  of  the  dielectric  loss  constant,  this  yields  a  substantial 
increase  of  attenuation  in  the  higher  frequencies.  This  increase  of 
attenuation  may  be  kept  very  limited,  if  compounds  are  used 
which  have  inherently  hydrophobic  flame  retardant  packages. 

The  accelerated  aging  of  the  cables  yields  different  effects, 
depending  upon  the  type  of  plasticizers.  The  effect  of  accelerated 
aging  is  more  pronounced  on  CM  and  CMR  rated  cables,  see  also 
Fig.  16.  It  has  been  verified  with  IR-spectrometry  that  this  effect 
is  due  to  plasticizer  migration  primarily  into  polyolefin  type 
insulations.  Of  course  this  depends  upon  the  type  of  plasticizer 
used  in  the  compound.  The  increase  of  attenuation  is  at  low 
frequencies  relatively  high,  drops  off  to  a  minimum  at  about  5 
MHz  and  increases  from  there  on  steadily  over  frequency,  as  may 
be  seen  in  Fig.  16. 

On  the  other  hand  FEP  insulations  are  affected  only  in  the  lower 
frequency  range  up  to  approximately  5  MHz,  while  the 
attenuation  increase  drops  asymptotically  to  zero  over  increasing 
frequency,  as  may  be  seen  very  clearly  in  Fig.  18.  The  same 
jacketing  compound  on  the  two  types  of  insulation  yields  nearly 
an  identical  attenuation  increase  at  low  frequencies  below  5  MHz, 
as  can  be  seen  in  the  Fig.  20.  This  may  suggest  a  similar 
mechanism  leading  to  this  attenuation  increase  in  both  cases. 
However,  a  verification  using  IR-spectrometry  yielded  on  FEP  no 
result.  There  may  be  a  deposit  of  plasticizer  on  the  wires  or  on 
the  inside  of  the  jackets.  However  this  could  not  yet  be 
confirmed.  Therefore  the  mechanism  on  FEP  insulations  yielding 
the  increase  at  low  frequencies  remains  unanswered. 

Interesting  in  this  context  is  the  behavior  of  mixed  insulation 
materials,  i.e.  cables  with  a  3/1  design.  Here  the  attenuation 
increase  of  the  FEP  pairs  drops  off  also  asymptotically  over 
frequency  to  zero,  while  the  polyolefin  insulated  pairs  are  affected 
by  plasticizer  migration,  and  increase  in  their  attenuation  over 
frequency  after  going  through  a  minimum  at  about  5  MHz.  In 
these  cases  extreme  care  has  to  be  taken  for  the  selection  of  such 
wires  with  respect  to  their  jacketing  compounds  in  environments 
where  the  cables  are  extendedly  exposed  to  higher  temperatures. 

Major  problems  may  be  encountered  with  some  compounds, 
when  the  cables  are  run  under  elevated  continuous  duty 
temperatures  and  at  higher  humidity  levels.  In  fact,  under  these 
conditions  the  attenuation  increase  may  attain  such  high  levels 
that  channel  failures  are  unavoidable.  This  is  shown  very  clearly 
in  the  fig.  23  and  Fig.  24.  Mainly  in  the  latter  case,  i.e.  for 
plenum  rated  cables  there  may  be  a  serious  problem,  depending 
upon  the  type  of  compound  used. 

The  measurements  on  the  slabs  of  the  jacketing  material  are 
interesting  only  if  they  are  submitted  to  an  humidity  exposure 
regime.  Then  the  plenum  rated  jacketing  compounds  show  a  very 
market  increase  of  the  imaginary  part  of  the  dielectric  constant, 
see  Fig.  30.  In  fact  this  part  goes  up  substantially  towards  lower 
frequencies.  But  also  the  real  part  of  the  dielectric  constant  goes 
up  in  a  similar  fashion,  however  proportionally  to  a  much  lesser 
extent,  see  Fig.  29.  The  compounds  using  hydrophobic  treated 
flame  retardants  show  only  a  very  minor  variation. 


6.  Conclusion 

Based  upon  the  results  obtained  the  following  conclusions  can  be 
drawn: 

The  relevant  standards  should  be  updated  with  respect 
to  the  incorporation  of  suitable  test  methods  to 
determine  the  addressed  parameters. 

The  values  so  far  specified  for  the  temperature 
coefficient  of  attenuation  increase  will  have  to  be 
revised  at  least  as  far  as  they  concern  CM  and  CMR 
type  cables  as  well  as  patch  cables. 

A  permissible  level  of  attenuation  increase  due  to  long 
term  exposure  to  elevated  relative  humidity  levels 
should  be  specified.  Suggested  is  the  use  of  an 
accelerated  test  regime  for  120  hours  at  60  °C  and  90  % 
relative  humidity. 

Hydrophobic  treated  fillers  and  flame  retardants  should 
be  used  for  compounding  purposes,  especially  for  CMP 
rated  jacketing  compounds 

A  permissible  value  of  attenuation  increase  due  to  aging 
has  to  be  specified.  The  aging  regime  is  already 
prescribed  to  test  the  mechanical  properties  of  cables, 
which  are  to  be  used  at  a  continuous  duty  temperature 
of  60  °C.  This  level  has  to  be  specified  as  a  function  of 
frequency. 

The  mechanism  of  attenuation  increase  at  low 
frequencies  due  to  aging,  primarily  with  respect  to  FEP 
insulations  will  have  to  be  investigated  in  more  detail. 
Also  the  mechanism  on  polyolefin  insulations  leading  to 
an  attenuation  increase  at  lower  frequencies  will  have  to 
be  investigated.  Suggested  is  the  use  of  modeling 
techniques  under  consideration  of  the  effects  of  the 
dielectric  behavior  of  the  jackets  and  their  impact  on  the 
attenuation  of  the  pairs. 

Cables  with  mixed  insulation  types  should  be  avoided 
for  operations  under  higher  environmental  demands  if 
they  are  made  with  the  usual  commercial  jacketting 
compounds. 

The  interaction  of  plasticizer  of  the  jacket  material  with 
the  polyolefin  of  the  insulation  will  have  to  be 
investigated  in  more  detail.  A  laboratory  test  towards 
this  purpose  will  have  to  be  developed. 

Low  migrating  plasticizers  should  be  used  in  plenum 
rated  jacketing  compounds. 
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Abstract 

This  paper  will  present  test  methodology,  empirical  results,  and 
evaluation  methods  from  temperature  and  flexure  testing  of  flexible 
coaxial  cable  testing  in  accordance  with  the  IEC  60966-1  standard 
[1].  Measurements  of  insertion  phase  and  loss,  as  well  as  VSWR, 
were  performed  to  6  GHz  with  multiple  samples  that  were 
simultaneously  subjected  to  temperature  increments  from  — 40°C  to 
85°C.  Methods  for  analyzing  and  presenting  the  data,  which  are  not 
discussed  in  the  IEC  standard,  are  included.  These  include  relating 
the  phase  change  to  temperature,  frequency,  and  sample  length  in  a 
manner  that  is  easily  usable  from  a  system  design  standpoint. 
Insertion  phase  behavior  under  changing  temperature  and  the  time 
required  to  stabilize  will  also  be  addressed.  Flexure  involved 
multiple  samples  with  initial  and  subsequent  insertion  phase 
characterization  after  multiple  flexure  cycles,  also  up  to  6  GHz,  will 
be  discussed.  Statistical  analysis  establishes  mean,  maximum,  and 
minimum  values  for  the  measurement  results. 

Keywords 

Phase;  loss;  VSWR;  attenuation;  coaxial;  cable;  IEC;  60966-1; 
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1.  Introduction 

Flexible  coaxial  cable  is  often  used  in  applications  subject  to 
temperature  variations  and  mechanical  flexing.  These  cables  may 
transport  signals  that  require  predictable  insertion  phase  and 
insertion  loss  characteristics  for  the  system  to  function  properly.  For 
example,  an  antenna  array  where  the  driven  elements  are 
interconnected  with  flexible  coaxial  cables  will  be  subject  to  the 
temperature  extremes  of  an  outdoor  environment.  These  variations 
in  temperature  will  change  the  insertion  phase  and  loss  of  the 
coaxial  cables,  which  could  significantly  change  the  antenna 
radiation  pattern  due  to  the  altered  phasing  and  amplitude  of  the 
signals  applied  to  the  antenna  elements. 

Equipment  that  involves  flexure  of  coaxial  cables  may  be  adversely 
affected  by  insertion  phase  changes  in  the  cable.  For  example, 
portable  equipment  systems  with  units  interconnected  with  coaxial 
cable  or  moveable  antenna  arrays  would  have  flexure  as  a  concern. 

These  concerns  about  temperature  and  flexure  effects  led  to 
development  of  standardized  testing  methodologies  in  accordance 
with  DEC  60966-1.  Data  evaluation  methods,  which  are  not 
addressed  in  the  EEC  standard,  were  also  developed.  These  methods, 
empirical  data,  and  statistical  analysis  will  be  presented. 


2.  IEC  60966-1  Standard 

IEC  60966-1  provides  an  international  standard  to  use  in  evaluating 
phase  variation.  For  temperature  (8.8  Phase  variation  with 
temperature)  the  standard  specifies  a  minimum  loop  diameter  of  at 
least  ten  times  the  minimum  static  bend  radius,  six  temperature 
cycles,  and  a  network  analyzer  to  perform  the  measurements.  The 
only  mention  of  how  to  present  the  data  is  a  suggestion  of  °el/°C  (i.e. 
degrees  of  electrical  length  change  per  degree  Celsius  of  temperature 
change)  with  no  explanation.  Also,  the  sample  length  is  not 
specified. 

For  flexure  (8.6  Stability  of  electrical  length)  the  standard  provides 
figures  of  the  test  sample  positions  using  a  mandrel  to  control  the 
bending  and  twisting.  The  dynamic  bending  radius  of  the  cable  is 
suggested  as  the  mandrel  radius.  A  network  analyzer  is  used  for  the 
measurements.  Again,  the  sample  length  is  not  specified. 

Cable  assemblies  (i.e.  cables  with  connectors  installed)  are  specified 
for  both  temperature  and  flexure  testing.  This  implies  the  use  of 
permanently  installed  connectors.  Also,  the  standard  implies  the 
entire  cable  assembly  should  be  placed  in  the  temperature  chamber. 
The  objective  of  this  paper  is  to  evaluate  bulk  cable  rather  than 
assemblies.  Therefore,  quick-connect,  reusable  test  laboratory  type 
connectors  were  used.  Equal  portions  of  the  sample  ends  remained 
outside  of  the  temperature  chamber  with  the  data  analysis  taking  this 
into  account. 

3.  Phase,  Loss,  &  VSWR  vs.  Temperature 

3.1  Sample  Preparation  and  Configuration 

Ten  samples  were  taken  from  one  bulk  reel  with  each  sample 
carefully  cut  to  15.24  meters  (50  ft.)  length  (Table  1).  Each  end  was 
marked  1.52  meters  (5  ft.)  from  each  end  to  standardize  the  portion 
that  would  extent  out  of  the  temperature  chamber  and  not  be 
subjected  to  the  temperature  variations.  All  samples  were  coiled  to  a 
diameter  of  61  cm  (24  in.)  in  observance  of  the  10  times  minimum 
static  bend  radius  specified  in  the  EEC  standard  and  placed  in  the 
environmental  chamber  at  20°C.  The  marked  portion  of  each  cable 
extended  out  of  the  chamber  to  the  test  equipment.  Consequently,  all 
samples  would  then  be  simultaneously  subjected  to  the  same 
environmental  conditions  to  reduce  this  area  of  variation  to  the 
minimum  possible. 
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Table  1.  Cable  Description 


Diameter  (mm) 

Description 

Conductor 

1.47 

Dielectric 

3.81 

Foamed  polyethylene 

Shielding  tape 
(inner) 

0.09  mm  overall  thickness 
Al/Polyester/Al 

Braid  (outer) 

4.55 

0. 1 3  (strand) 

96.4%  coverage 

Jacket 

6.1 

Impedance 

50  ohms 

Velocity 

86% 

3.2  Equipment  Setup  and  Calibration 

The  network  analyzer  was  set  for  a  linear  frequency  sweep  of  5 
MHz  to  6  GHz  with  1601  data  points  per  sweep.  The  network 
analyzer’s  internal  response  calibration  was  performed  for  S2i 
measurements  of  insertion  phase  and  insertion  loss.  One-port 
calibration  for  Sj  ]  was  performed  for  the  VSWR  measurements. 

The  network  analyzer  is  limited  to  a  360-degree  phase  range  (±180 
degrees).  Ambiguity  in  phase  data  can  result  if  the  phase  difference 
between  adjacent  data  points  in  the  frequency  sweep  is  greater  than 
180  degrees.  To  avoid  this  ambiguity,  the  first  sample  was 
connected  to  the  analyzer  and  the  analyzer’s  electrical  delay  setting 
was  adjusted  to  give  a  nearly  flat  phase  trace  across  the  entire 
frequency  range.  This  change  of  displayed  phase  is  not  an  issue 
since  only  changes  in  phase  are  of  concern.  The  electrical  delay 
setting  was  recorded  and  remained  unchanged  throughout  all  phase 
versus  temperature  measurements.  The  total  insertion  phase  can  be 
calculated  from  the  frequency  and  electrical  delay  setting. 

3.3  Testing  and  Data  Acquisition 

All  samples  were  preconditioned  at  20°C  for  a  minimum  of  two 
hours  prior  to  the  first  measurement.  Each  sample  was  then 
characterized  for  insertion  phase  (S2[  phase  in  degrees),  insertion 
loss  (S2I  log  magnitude  in  dB),  and  VSWR  (S,,)  while  remaining  in 
the  temperature  chamber. 

From  this  baseline  at  20°C,  the  temperature  was  changed 
incrementally  in  the  range  of  -40°C  to  85°C  for  a  total  of  six  cycles 
(Table  2).  Cycles  one  and  six  consisted  of  multiple  steps  in  this 
temperature  range.  Cycles  two  through  five  included  only  the 
temperature  extremes,  without  the  intermediate  steps,  and  20°C  Full 
sets  of  insertion  phase,  insertion  loss,  and  VSWR  were  obtained  for 
all  samples  at  each  temperature. 


Table  2.  Temperature  Sequences 


Temperature  Cycles 

Temperature  Sequence  (°C) 

1  &  6 

20, 40,  60, 85, 20, 0,  -20,  -40, 20 

2-5 

85, 20,  -40, 20 

Two  hours  minimum  dwell  was  allowed  at  each  temperature  prior  to 
data  acquisition.  Figures  1  and  2  show  examples  of  the  preliminary 
phase  and  temperature  versus  time  testing  that  was  performed  to 
determine  this.  It  is  interesting  to  note  in  figure  1  that  the  phase 
during  the  temperature  transition  makes  a  significant  excursion 
before  stabilizing  at  a  lesser  phase  change.  Figure  2  shows  a  lesser 
but  similar  excursion. 


Figure  1.  Phase  vs.  Time  (85°C  to  20‘C) 


Time  (minutes) 

Figure  2.  Phase  vs.  Time  (-4CTC  to  20‘C) 

3.4  Data  Analysis  Methods 

3.4. 1  Phase  The  network  analyzer  only  has  a  360-degree  range 
(±180  degrees)  of  phase.  When  the  insertion  phase  exceeds  this 
range  the  display  makes  an  abrupt  360-degree  transition,  resulting 
in  a  sawtooth  pattern  with  many  transitions  possible  (Figure  3) 
[2]. 
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The  initial  setting  of  the  network  analyzer  electrical  delay 
removed  most  of  these  transitions,  but  phase  changes  due  to  the 
temperature  changes  and  small  variations  between  samples 
resulted  in  some  transitions.  Removal  of  these  transitions  is 
necessary  to  obtain  the  total  phase  of  the  cable  for  proper  data 
analysis.  The  transitions  were  automatically  removed  by  writing 
equation  1  into  a  program  routine  in  a  math  software  package  [3]. 

total  na  k*360  « 

Where:  total  =  Total  phase  (degrees) 

na  =  Phase  from  network  analyzer  (degrees) 
k  =  Integer  number  of  360  degree  phase  transitions 
(e.g.  0,  1,  2,  etc.) 

The  sample  length  and  frequency  indicated  initializing  k  to  zero  at 
the  lowest  frequency  (5  MHz).  The  k  value  was  then  incremented 
or  decremented  by  one  at  each  transition.  It  was  incremented  if  the 
slope  prior  to  the  transition  was  positive  or  decremented  for  a 
negative  slope.  This  was  done  automatically  in  the  program 
routine.  The  resulting  total  phase  is  shown  with  the  sawtooth 
waveform  in  figure  3. 

The  initial  total  insertion  phase  at  20°C  was  used  as  a  baseline 
phase  reference  for  each  sample.  It  was  subtracted  from  each  of 
the  subsequent  measurements  for  that  sample  to  obtain  the  phase 
change  at  each  frequency  of  the  sweep  (Equation  2). 

total  ref  (2) 

Where:  A  =  Phase  change  from  reference  (degrees) 
total  =  Total  phase  from  equation  1  (degrees) 
ref  =  Phase  at  initial  20°C  (degrees) 

Analysis  was  applied  to  the  phase  change  data  to  obtain  mean, 
minimum,  and  maximum  values  across  the  frequency  sweep  at 
each  temperature. 


The  phase  change  versus  frequency  has  a  nearly  constant  slope, 
which  allows  for  a  simplified  expression  of  the  phase  change  by 
relating  it  to  frequency  and  length  (Equation  3).  This  calculation 
has  a  nearly  constant  value  across  the  frequency  span  (Figure  7). 
It  is  similar  to  group  delay  which  is  the  derivative  of  phase  with 
respect  to  frequency.  The  advantage  of  using  the  elect  deg/GHz/m 
value  is  that  the  phase  change  can  be  calculated  for  any  frequency 
and  length. 

elect  deg/  GHz  /  m  - - — -  (3) 

Freq  *  Leng 

Where:  elect  deg/GHz/m  =  electrical  degrees/GHz/meter 
A  =  Phase  change  from  reference  (degrees) 

Freq  =  Frequency  (GHz) 

Leng  =  Length  of  sample  (meters) 

Parts  per  million  (ppm)  is  another  way  to  express  the  phase 
change  (Equation  .4).  This  calculation  results  in  a  nearly  constant 
value  across  a  frequency  span. 

*106 

ppm  -  (4) 

Abs  Re  f 

Where:  ppm  =  Parts  per  million  phase  change  (degrees) 

A  =  Phase  change  from  reference  (degrees) 

AbsRef  ~  Absolute  total  reference  phase  (degrees) 

It  should  be  noted  that  AbsRef  is  the  absolute  total  phase  of  the 
cable  without  the  effect  of  the  network  analyzer  electrical  delay 
setting.  This  offset  can  be  removed  by  equation  5. 

AbsRef  total  360*  Freq*  Delayna  (5) 

Where:  AbsRef  =  Absolute  total  reference  phase  (degrees) 

total  =  Total  phase  (degrees) 

Delayna  =  Delay  setting  of  network  analyzer  (sec.) 

Freq  =  Frequency  (Hz) 

3.4.2  Loss  The  insertion  loss  data  was  analyzed  in  a  similar 
manner  as  the  insertion  phase  data.  The  initial  measurement  of 
each  sample  at  20°C  was  used  as  the  baseline  for  that  sample.  The 
change  in  insertion  loss  was  calculated  for  each  sample  across  the 
entire  frequency  sweep  (Equation  6).  All  insertion  loss  data  from  the 
network  analyzer  was  converted  to  positive  values  so  that  positive 
AIL  represents  an  increased  loss  and  negative  AIL  represents 
decreased  loss.  Analysis  was  applied  to  obtain  mean  values 
(Figure  5). 

IL  ILmeas  ^ref  ^ 

Where:  AIL  =  Insertion  loss  change  (dB) 

Ilmeas =  Insertion  loss  measured  (dB) 

Ilref  =  Insertion  loss  reference  at  20°C  (dB) 
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3-4.3  VSWR  The  VSWR  data  was  subdivided  into  frequency 
bands  and  the  highest  VSWR  value  was  extracted  from  each  band 
(Figure  4).  This  seemed  an  appropriate  manner  to  evaluate  VSWR 
change  since  specifications  for  VSWR  are  typically  a  single  value 
across  a  frequency  range(s). 


Frequency  (GHz) 


Figure  4.  Extracting  VSWR  Maximum 

The  20°C  VSWR  measurements  served  as  the  benchmark  to 
calculate  the  change  in  each  band  (Equation  7).  Mean,  maximum, 
and  minimum  calculations  were  applied  to  the  AVSWR  values. 


VSWR  VSWRtemp  VSWRref  (7) 

Where:  AVSWR  =  VSWR  change 

VSWRIcmp  =  VSWR  at  new  temperature 
VSWRrcf  =  VSWR  reference  at  initial  20DC 

3.5  Results 

3.5.1  Phase  The  mean  phase  change  for  the  first  half  of 
temperature  cycle  one  is  shown  (Figure  5).  Several  things  should 
be  noted.  The  phase  did  not  return  to  its  original  value  when  the 
temperature  returned  to  20”C  after  being  at  85'C.  Also,  this  20“C 
phase  change  is  greater  than  at  40°C  and  60”C. 


Frequency  (GHz) 

Figure  5.  Mean  Phase  Change 
(40“C  to  85'C,  Cycle  1) 


The  phase  change  for  the  other  half  of  temperature  cycle  one  is 
shown  (Figure  6).  Again,  the  phase  at  20’C  did  not  return  to  its 
original  value.  The  phase  changes  at  0°C,  -20°C,  and  -40°C  were 
nearly  the  same,  but  the  greatest  change  did  not  occur  with  the 
greatest  temperature  change  of-40°C. 


0  2  4  6 


Frequency  (GHz) 

Figure  6.  Mean  Phase  Change 
(O'C  to  -40°C,  Cycle  1) 


All  phase  changes  were  positive  with  the  greatest  change  at  the 
highest  frequency.  The  nearly  constant  phase  slope  produces  a 
nearly  constant  elect  deg/GHz/m  (Figure  7).  The  data  was  started 
at  200  MHz  because  of  the  sensitivity  of  the  calculation  to  small 
phase  changes  at  low  frequencies,  which  produced  abnormally 
large  excursions.  The  extremes  of  phase  change  did  not 
necessarily  occur  at  the  temperature  extremes  as  was  anticipated. 


Figure  7.  Mean  Elect  Deg/GHz/m  (Cycle  1) 
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The  phase  changes  for  the  sixth  and  final  temperature  cycle  are 
shown  (Figure  8).  Again,  the  extremes  of  change  did  not  occur  at 
the  temperature  extremes.  Interestingly,  the  most  negative  phase 
excursion  occurred  with  the  final  20”C  measurement. 


Figure  8.  Mean  Elect  Deg/GHz/m  (Cycle  6) 


The  extremes  of  phase  change  for  all  measurements  of 
temperature  cycles  one  through  six  were  captured  (Figure  9  & 
Table  3).  The  greatest  positive  phase  changes  did  not  all  occur  at 
the  same  temperature  for  all  frequencies  (Table  4).  The  extremes 
of  elect  deg/GHz/m  across  the  six  cycles  were  calculated  from  the 
phase  extremes  (Figure  10  &  Tables  5). 


Table  3.  Extremes  of  Phase  Change  (degrees) 
Cycles  1-6 


Frequency 

(GHz) 

Maximum 

Positive 

Maximum 

Negative 

Mean  Total 
(Initial  20 °C) 

1 

9.7 

-7.3 

16988  | 

2 

17.7 

-13.9 

33879 

3 

26.6 

-20.5 

50832 

4 

34.4 

-27.7 

67784 

5 

42.5 

-34.7 

84734 

6 

52.7 

-41.8 

101685 

Table  4.  Occurrence  of  Phase  Extremes 


Frequency 

(GHz) 

Maximum 

Positive 

Change 

Maximum 

Negative  Change 

1 

-40°C,  Cycle  1 

1 1th  20’C,  Cycle  5 

2 

-40°C,  Cycle  1 

1 1th  20’C,  Cycle  5 

3 

-40  °C,  Cycle  1 

1 1th  20°C,  Cycle  5 

4 

-40°C,  Cycle  1 

1 1th  20”C,  Cycle  5 

5 

85°C,  Cycle  2 

1 1th  20°C,  Cycle  5 

6 

85°C,  Cycle  1 

llth20°C,  Cycle  5 

Figure  10.  Elect  Deg/GHz/m  Extremes  (Cycles  1-6) 


Table  5.  Elect  Deg/GHz/m  (Cycles  1-6) 


Frequency 

(GHz) 

Maximum 

Positive 

Maximum 

Negative 

0.2 

1.0 

-0.62 

1 

0.80 

-0.60  | 

2 

0.73 

-0.57  ! 

3 

0.73 

-0.56 

4 

0.70 

-0.57 

5 

0.70 

-0.57 

6 

0.72 

-0.57 

0.2-6 

1.0 

-0.63 

Figure  9.  Phase  Change  Extremes  (Cycles  1-6) 
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The  phase  changes  for  the  sixth  and  final  temperature  cycle  are 
shown  (Figure  8).  Again,  the  extremes  of  change  did  not  occur  at 
the  temperature  extremes.  Interestingly,  the  most  negative  phase 
excursion  occurred  with  the  final  20°C  measurement. 


Figure  8.  Mean  Elect  Deg/GHz/m  (Cycle  6) 

The  extremes  of  phase  change  for  all  measurements  of 
temperature  cycles  one  through  six  were  captured  (Figure  9  & 
Table  3).  The  greatest  positive  phase  changes  did  not  all  occur  at 
the  same  temperature  for  all  frequencies  (Table  4).  The  extremes 
of  elect  deg/GHz/m  across  the  six  cycles  were  calculated  from  the 
phase  extremes  (Figure  10  &  Tables  5). 


Table  3.  Extremes  of  Phase  Change  (degrees) 


Cycles  1-6 


Frequency 

(GHz) 

Maximum 

Positive 

Maximum 

Negative 

Mean  Total 
(Initial  20°C) 

1 

9.7 

-7.3 

16988 

2 

17.7 

-13.9 

33879 

3 

26.6 

-20.5 

50832 

4 

34.4 

-27.7 

67784 

5 

42.5 

-34.7 

84734 

6 

52.7 

-41.8 

101685 

Table  4.  Occurrence  of  Phase  Extremes 


Frequency 

(GHz) 

Maximum 

Positive 

Change 

Maximum 

Negative  Change 

1 

-40°C,  Cycle  1 

1 1th  20°C,  Cycle  5 

2 

-40°C,  Cycle  1 

llth20°C,  Cycle  5 

3 

-40  °C,  Cycle  1 

1 1th  20°C,  Cycle  5 

4 

-40°C,  Cycle  1 

llth20°C,  Cycle  5 

5 

85°C,  Cycle  2 

1 1th  20°C,  Cycle  5 

6 

85°C,  Cycle  1 

11th  20°C,  Cycle  5 

Figure  10.  Elect  Deg/GHz/m  Extremes  (Cycles  1-6) 


Table  5.  Elect  Deg/GHz/m  (Cycles  1-6) 


Frequency 

(GHz) 

Maximum 

Positive 

Maximum 

Negative 

0.2 

1.0 

-0.62 

1 

0.80 

-0.60 

2 

0.73 

-0.57 

3 

0.73 

-0.56 

4 

0.70 

-0.57 

5 

0.70 

-0.57 

6 

0.72 

-0.57 

0.2-6 

1.0 

-0.63 

Figure  9.  Phase  Change  Extremes  (Cycles  1-6) 
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The  insertion  phase  exhibited  a  hysteresis,  where  by  the  phase  did 
not  return  to  it  original  value  at  a  given  temperature  (Figure  11). 
All  samples  were  tested  13  times  at  20”C  and  this  figure  shows  the 
mean  phase  change  from  the  initial  measurement  at  1  GHz 
increments.  The  greatest  phase  change  occurred  at  6  GHz  and  the 
hysteresis  effect  occurred  at  all  frequencies.  Note  how  the  change 
was  positive  for  the  beginning  cycles  and  changed  to  negative  for 
the  later  ones. 


Test  Number 

-  1  GHz 

eee  2  GHz 
+++  3  GHz 
BBS  4  GHz 

-  5  GHz 

6  GHz 


Figure  11.  Mean  Phase  Change  at  20°C  (6  cycles) 

3.5.2  Loss  Insertion  loss  exhibited  a  positive  temperature 
coefficient  throughout  the  range  -40°C  to  85°C  (Figures  12  &  13). 
The  greatest  decreases  in  insertion  loss  were  in  the  3.5  4  GHz  range 
rather  than  at  6  GHz,  as  was  the  case  with  insertion  loss  increases. 
The  maximum  changes  for  all  samples  and  all  temperatures  for  the 
six  cycles  are  tabulated  at  1  GHz  increments  (Table  6) 


Table  6.  Insertion  Loss  (dB/IOOm),  Cycles  1-6 


Frequency 

(GHz) 

Maximum 

Increase 

Maximum 

Decrease 

Mean  Total 
(Initial  20”C) 

1 

3.7 

-3.3 

24.5 

2 

5.6 

-4.4 

35.2 

3 

6.7 

-5.5 

44.3 

4 

10.4 

-5.7 

51.2 

5 

13.2 

-4.6 

56.9 

6 

19.2 

-0.8 

59.9 

Figure  12.  Mean  Insertion  Loss  Change  (Cycle  1) 


Figure  13.  Mean  Insertion  Loss  Change  (Cycle  6) 

3.5.3  VSWiR  The  VSWR  exhibited  essentially  no  change  due  to 
temperature  variations  (Figure  14,  Table  7).  The  mean  change  was 
nearly  zero,  which  suggests  that  what  little  change  was  observed 
was  due  to  measurement  error.  A  measurement  system  evaluation 
would  confirm  this  suspicion. 
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The  samples  were  individually  subjected  to  25  cycles  of  bending 
and  twisting  while  connected  to  the  network  analyzer.  A  mandrel 
diameter  of  127  mm  was  used.  Insertion  phase  data  was  gathered 
only  in  the  eight  positions  of  cycles  1  and  25. 

4.4  Data  Analysis 

Analysis  followed  a  similar  methodology  as  phase  versus 
temperature.  The  baseline  for  each  sample  was  the  phase  at 
position  1  of  cycle  1.  Equations  1  and  2  were  applied  to  each 
sample  measurement  to  obtain  the  total  phase  and  phase  change. 
Maximum  and  minimum  phase  change  across  the  frequency  span 
was  extracted  from  all  phase  change  calculations  (i.e.  all  samples, 
all  positions)  and  converted  to  elect  deg/GHz/m  (Equation  3). 


Figure  14.  VSWR  Max,  Mean,  and  Min  (Cycles  1-6) 


Table  7.  VSWR  Change  (Cycles  1-6) 


Frequency  (GHz) 

.005-1 

1-2 

2-3 

3-4 

4-5 

5-6 

Maximum 

.044 

.058 

.062 

.073 

.066 

.066 

Mean 

.004 

.015 

.002 

.006 

.01 

.01 

Minimum 

-.039 

-.014 

-.038 

-.033 

-.032 

-.053 

4.  Phase  vs.  Flexure 

4.1  Sample  Preparation  and  Configuration 

Ten  samples  of  2  meters  (6.56  ft.)  each  were  prepared. 

4.2  Equipment  Setup  and  Calibration 

The  network  analyzer  was  set  up  the  same  as  for  the  phase  versus 
temperature  measurements.  A  through  normalization  was 
performed  for  S2i-  The  analyzer  electrical  delay  setting  was 
adjusted  for  a  nearly  flat  trace  and  remained  at  this  setting  for  all 
phase  versus  flexure  measurements. 


4.5  Results 

The  summary  of  all  flex  testing  is  shown  (Figure  15,  Table  8). 
This  covers  all  samples,  all  positions,  and  all  cycles. 


4.3  Testing  and  Data  Acquisition 

Each  sample  was  connected  to  the  network  analyzer  once  to  avoid 
additional  movement  that  might  introduce  additional  phase 
variation  Initial  characterization  for  insertion  phase  (S2i  degrees) 
in  the  position  1  (Table  8)  served  as  the  baseline  for  each  sample. 
Positions  1-8  comprised  one  cycle  of  flexing.  Insertion  loss  and 
VSWR  data  were  not  gathered  because  of  the  difficulty  in 
measuring  these  accurately  on  such  a  short  sample. 


Table  8.  Bending  and  Twisting  Positions 


Position 

Description 

IEC  60966-1  Figure 

1 

Bending  start  position 

la 

2 

First  bend 

lb 

3 

Second  bend 

1c 

4 

Bending  start  position 

la 

5 

Twisting  start  position 

3a 

6 

First  twist 

3b 

7 

Second  twist 

3c 

8 

Twisting  start  position 

3a 

Table  8.  Elect  Deg/GHz/m  (Flex  Cycles  1  &  25) 


Frequency 

(GHz) 

Maximum 

Positive 

Maximum 

Negative 

0.2 

1.2 

-0.87 

1 

1.1 

-0.94 

2 

1.0 

-0.95 

3 

1.0 

-0.96 

4 

1.1 

-0.85 

5 

1.1 

-0.93 

6 

1.1 

-0.89 

0.2-6 

1.5 

-1.2 

5.  Areas  for  Further  Investigation 

The  number  of  temperature  cycles  could  be  extended  to  see  long¬ 
term  effects  and  determine  if  sample  conditioning  occurs.  The 
flexing  cycles  could  be  extended  to  see  long-term  flexing  effects 
prior  to  conductor  and/or  shield  breakage.  Phase  and  loss  at  low 
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frequencies  (e.g.  down  to  5  MHz)  could  be  determined  more 
accurately  by  using  longer  samples.  Insertion  loss  and  VSWR 
versus  flexing  could  be  investigated.  This  might  also  require 
longer  samples  with  only  a  portion  of  cable  subjected  to  flexing. 

Additional  samples  of  the  type  used  for  this  paper  could  be  tested 
to  obtain  a  more  accurate  statistical  analysis.  Different  types  and 
sizes  of  flexible  coaxial  cable  could  be  tested.  A  measurement 
system  evaluation  (MSE)  could  be  performed  on  each  of  the  tests. 

6.  Conclusions 

A  consistent  relationship  was  not  observed  between  the  coaxial 
cable  insertion  phase  change  and  the  temperature.  The  maximum 
insertion  phase  change  from  the  reference  phase  at  20°C  did  not 
necessary  occur  at  the  maximum  temperature  excursions.  Insertion 
phase  did  not  return  to  its  original  value  after  temperature  cycling. 
The  largest  changes  were  +1.0  and  -0.63  elect  deg/GHz/m  for  200 
MHz  to  6  GHz. 

Insertion  loss  has  a  positive  coefficient  versus  temperature.  It 
behaves  in  a  more  predictable  manner  than  insertion  phase. 
Increased  temperature  consistently  increases  the  loss  and  vice 
versa.  The  largest  changes  were  +19.2  and  -5.7  dB  per  100 
meters. 

The  VSWR  is  essentially  unaffected  by  temperature  changes.  The 
largest  changes  were  +0.073  and  -0.053.  The  largest  mean  change 
was  0.015.  What  little  change  was  observed  could  easily  fall 
within  the  realm  of  measurement  error. 

Insertion  phase  change  with  cable  flexure  has  a  similar  magnitude 
to  the  change  versus  temperature.  The  largest  changes  were  +1.5 
and  -1 .2  elect  deg/GHz/m  for  200  MHz  to  6  GHz. 
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Abstract 

From  an  electromagnetic  interference  perspective,  it  is  widely 
acknowledged  that  connectors  are  the  most  sensitive  components 
in  cascaded  copper  systems.  Twisted  pair  connectors  are 
inherently  poorly  suited  to  radiation  rejection  through  their 
design.  It  is  useful,  therefore,  to  be  able  to  quantify  the  radiation 
performance  for  connectors  to  enable  quantitative  assessments  of 
interference  rejection  or  to  provide  input  to  numerical  models 
used  to  predict  interference  performance  of  cascaded  systems. 
This  latter  point  is  particularly  important,  as  direct  incorporation 
of  connectors  into  numerical  models  using  a  reasonable 
computational  resource  in  a  reasonable  time  is  generally 
extremely  difficult  due  to  the  complexity  of  the  connectors.  In 
this  paper  the  electromagnetic  emissions  from  a  plug-in-socket 
combination  and  from  a  cable  with  no  connector  are  measured 
using  a  ‘Stripline  Cell’  and  the  dipole  moments  for  each  device 
and  each  twisted  pair  are  presented. 

Keywords 

Radiation,  dipole  moment,  theory,  measurement,  emissions. 

1.  Introduction 

In  order  to  create  a  better  connector,  many  different  designs  could 
be  produced,  prototyped  and  tested,  however  this  is  expensive, 
time  consuming  and  unpredictable.  Another  technique  is  to 
simulate  the  different  designs,  but  this  requires  a  lot  of  processing 
power  and  modelling  the  fine  details  can  make  the  simulations 
overly  complicated.  These  approaches  are  particularly  inefficient 
if  the  performance  of  an  installed  system  is  required,  taking  into 
account  the  general  EMC  performance  of  local  structures.  It  is 
perhaps  sensible  therefore  to  use  a  combination  of  testing  and 
modelling  to  simplify  the  modelling  by  eliminating  the  need  for 
simulating  some  of  the  fine  detail.  For  example,  if  the  emissions 
from  a  standard  plug  and  connector  combination  are  known  in 
terms  of  Ex,  Ey,  Ez,  Hx,  Hy  and  Hz  then  it  can  simply  be  inserted 
into  the  simulation  as  a  ‘black  box’  that  reacts  to  certain  stimuli  in 
a  predefined  manner.  Simplifying  the  modelling  in  this  manner 
should  provide  the  ability  to  simulate  scenarios  more  rapidly  and 
hence  lead  to  faster  prototyping. 

In  such  measurement  techniques  as  the  mode  stirred  chamber 
method  (see  ‘Determining  Cable  Shield  Behaviour’)  only  the  total 
power  emitted  from  the  device  under  test  can  be  measured. 
However,  this  is  not  sufficient,  when  the  electromagnetic 
emissions  from  the  device  need  to  be  broken  down  into  the  three 
orthogonal  directions.  The  most  convenient  method  of  doing  this 
is  to  calculate  the  ‘dipole  moments’  of  the  device.  The  dipole 
moments  can  best  be  viewed  as  a  method  of  decomposing  the 
emissions  from  a  device  into  six  radiating  components,  three 
orthogonal  electric  field  radiators  (Ex,  Ey,  Ez)  and  three  orthogonal 


magnetic  field  radiators  (Hx,  Hy,  Hz).  All  of  these  are  functions  of 
frequency  and  can  be  determined  by  taking  measurements  of  the 
radiating  device  in  a  manner  that  allows  both  the  directivity  and 
magnitude  of  the  fields  to  be  taken  into  account. 

2.  Obtaining  the  Dipole  Measurements 
for  the  Device  Under  Test 

Measurements  for  the  dipole  moments  were  taken  using  a  parallel 
plate  ‘Stripline  Cell’  (which  is  shown  diagrammatically  in  Figure 
1).  The  stripline  is  a  lower  cost  alternative  to  the  TEM  (or 
Crawford)  Cell,  which  uses  three  parallel  plates  and  has  enclosed 
sides  to  improve  the  accuracy  of  the  field  definition  within  the 
measurement  environment.  The  stripline  cell  consists  of  two 
metallic  plates,  which  are  parallel  in  the  middle  section,  which 
forms  a  cube  of  0.8m,  but  taper  together  at  their  ends,  forming 
two  output  ports.  The  tapers  are  designed  to  maintain  constant 
impedance  along  the  length  of  the  cell.  This  apparatus  is  placed 
above  a  ground  plane  at  a  distance  equal  to  its  height.  The  device 
under  test  is  then  placed  in  the  centre  of  the  cell  and  connected  to 
the  output  port  of  a  network  analyser.  To  ensure  adequate  field 
uniformity,  the  test  object  was  limited  to  a  cube  of  no  more  than 
200mm  on  each  side.  The  output  ports  of  the  cell  are  then 
connected  via  a  junction  to  the  input  port  of  the  network  analyser. 
The  open  sides  of  the  stripline  are  not  a  significant  issue, 
providing  the  cell  is  sufficiently  distant  from  other  structures  to 
avoid  interference  with  the  fringing  fields.  The  parallel  plates 
permit  transverse  electromagnetic  (TEM)  propagation  with  a 
reasonably  well-defined  and  well-conditioned  electric  field. 
Hence,  for  a  device  under  test,  the  radiated  power  (in  the  direction 
between  the  plates)  can  be  measured  at  the  tapered  ends  of  the 
stripline  using  a  combiner  (or  splitter)  and  a  network  analyser. 


Figure  1.  A  schematic  of  the  stripline  cell. 
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When  an  arbitrary  current  source  (the  device  under  test)  is 
introduced  inside  the  waveguide  it  will  generate  electric  and 
magnetic  fields  in  both  the  forward  direction  (E+,  IT)  and  the 
backward  direction  (E',  H').  The  simplest  way  to  calculate  these 
fields  [1]  is  when  both  the  current  source  and  the  power  at  each 
output  port  are  known.  The  total  field  is  the  sum  of  an  expansion 
coefficient  a„  or  bn  (which  are  functions  of  the  current  source 
value)  and  the  field  at  each  transverse  electromagnetic  mode  (n). 

(i) 

*"’=5>ah  (2) 

(3, 

(4) 

If  a  parallel  plate  waveguide  is  used,  where  the  guide  has  no  sides 
and  the  source  is  placed  at  the  centre  of  the  cell  only  the  dominant 
TEM  mode  (n=0)  is  present  therefore  only  the  a«  and  b0 
coefficients  need  to  be  determined  for  Equations  1-4. 

However,  in  virtually  all  circumstances  the  detail  of  the  current 


source  is  unknown  so  the  concept  of  dipole  moments  has  to  be 
introduced  into  the  determination  of  the  values  of  the  a«  and  b0 
coefficients.  The  coefficients  ao  and  b0  are  related  to  the  electric 
On*)  and  magnetic  (mj  dipole  moments  using  Equation  5  and  6. 

a0=~(nte+jkM)e0 

(5) 

bo  =-^{™e-jkM)e0 

(6) 

Where  eQ  ,  q  and  M  are  defined  in  Equations  7, 
respectively. 

8  and  9 

II 

(7) 

(8) 

M  =  m  Xz 

m 

(9) 

Where  Z  is  the  unit  vector  along  the  longitudinal  axis  of  the  cell, 
e0  is  the  normalized  transverse  vector  electric  field  inside  the 

cell,  y  is  the  unit  vector  perpendicular  to  the  parallel  plates,  Z0 

is  the  impedance  of  the  cell  (15012),  P  is  the  power  supplied  to  the 
cell,  b  is  the  separation  distance  between  plates  in  metres  (0.8m) 
and  k  is  the  free  space  wave  number  as  defined  in  Equation  1 0. 


Where  f  is  the  frequency  and  c  is  the  speed  of  electromagnetic 
propagation  in  free  space  (2.99792x10s  m/s). 

Hence  the  dipole  moments  (n\  and  rnm)  can  be  used  to  quantify 
precisely  the  emissions  from  a  dipole.  But  if  it  is  assumed  that 
any  device  can  be  represented  by  three  orthogonally  directed 
dipoles,  then  the  emissions  can  be  broken  down  into  their 
constituent  parts  (Ex,  Ey,  E2,  Hx,  Hy  and  Hz)  using  the  dipole 
moments  and  reconstructed  from  the  magnitudes  (m)  and  phases 
(V)  using  Equations  1 1  to  1 6. 


(H) 

E,=m^v 

(12) 

II 

s 

8 

K 

* 

8 

(13) 

(14) 

(15) 

(16) 

The  ubiquitous  nature  of  four  pair  UTP  cable  is  the  reason  that 
this  was  used  throughout  this  paper,  the  method  works  equally 
well  with  other  connector  systems  or  small  devices.  The  main 
limitation  on  the  method  is  that  the  device  under  test  should  not 
be  more  than  'A  of  the  height  of  the  cell. 

The  devices  under  test  in  this  paper  were  firstly  a  length  of  UTP 
cable  with  a  plug  and  socket  as  the  device  under  test.  Then,  for 
comparison  purposes,  just  a  length  of  UTP  cable  was  tested.  For 
each  ‘device’  one  end  was  connected  to  the  output  of  the  network 
analyser  via  a  balun  whilst  the  other  end  was  connected  to  a 
matching  load  via  a  second  balun.  Each  coloured  pair  of  twisted 
wires  (see  Figure  2)  was  measured  separately  so  the  overall 
contribution  to  the  emissions  from  each  pair  could  be  determined. 

Green 
Orange 
Blue 
Brown 

Figure  2.  Diagram  of  twisted  pair  cable. 

In  order  to  measure  the  dipole  moments,  the  devices  under  test 
had  to  be  positioned  in  six  different  orientations  as  specified  in 
Figure  3.  Both  the  axes  of  the  cell  (X,  Y  and  Z)  and  of  the  device 
under  test  (x,  y  and  z)  remain  constant  relative  to  what  they 
describe  (cell  or  device  under  test)  throughout,  though  they  are 
rotated  relative  to  each  other.  The  devices  under  test  were  placed 
between  the  parallel  plates  using  a  low  dielectric  constant  mount. 
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Position  5  Position  6 


Figure  3.  Showing  the  positioning  of  the  device 
under  test  in  the  cell. 


Figure  5.  Schematic  of  the  circuit  to  measure  the 
difference  of  the  outputs  (Pd). 


The  powers  detected  at  the  output  of  the  junction  which  relate  to 
the  sum  of  coefficients  (Psi)  and  their  difference  (Pdi)  are  given  by 
Equations  17  and  18,  where  the  T  stands  for  the  power  at  the  ith 
device  under  test  orientation  (1  to  6,  see  Figure  3). 

Psi=  h+bo\2  =  \me-e0\2  07) 

Pdi  =\a0-b0\2  =k2M-e0  (18) 

In  order  to  obtain  the  electric  and  magnetic  dipole  moment 
amplitudes  (me  and  mm)  from  the  power  responses  at  the  6 
different  orientations  Equations  19  to  24  are  used.  The  relative 
phases  between  the  moments  can  also  be  found  [1],  however  these 
are  not  used  herein. 


In  order  to  separate  the  contributions  of  the  electric  and  magnetic 
dipole  moments  simple  addition  (electric  dipole  moments)  and 
subtraction  (magnetic  dipole  moments)  of  the  coefficients  ao  and 
b0  is  required.  This  addition  and  subtraction  is  carried  out  whilst 
the  measurements  are  being  taken  by  inserting  either  a  0°  hybrid 
junction  (see  Figure  4)  or  a  180°  hybrid  junction  (see  Figure  5)  in 
between  the  outputs  of  the  cell  and  the  input  of  the  network 
analyser. 


Figure  4.  Schematic  of  the  circuit  to  measure  the 
sum  of  the  outputs  (Ps). 


Finally  the  amplitude  of  the  total  power  emitted  by  the  devices 
(Pt)  can  then  be  obtained  from  the  moment  amplitude  results  using 
Equation  25. 


40  -jf_  +  mey2  +  ™eZ2  + 

^  k2{™J  +mmy2  +mj)_ 


(25) 
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3.  Results 

Each  of  the  devices  under  test  (the  cable  and  the  connector)  were 
tested  using  the  method  described  in  this  paper.  For  each  device, 
each  pair  of  twisted  wires  were  connected  up  and  measured 
separately,  so  any  differences  between  the  responses  could  be 
examined.  Also  the  contribution  of  each  pair  to  the  total  emitted 
power  could  be  observed. 


Figures  6  and  7  show  the  differences  and  similarities  between  the 
sums  of  the  emitted  powers  received  at  the  outputs  of  the  stripline 
cell  (Ps),  for  firstly  the  cable  and  then  the  connector  when  the 
device  under  test  is  placed  in  the  six  positions  indicated  in  Figure 
3.  It  can  be  clearly  seen  that  the  emissions  from  a  specified  pair 
(in  this  case  the  brown  pair)  have  many  similar  features  in  all  six 
positions.  It  can  also  be  seen  that  the  emissions  from  the 
connector  are  greater  than  those  from  just  the  cable. 


Position  2 
Position  3 


•— *  Position  4 

* -  Position5 

.  Position  6 

Figure  6.  The  emissions  from  the  brown  pair  in 
the  cable  measured  using  the  addition  junction. 
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- Position  3 
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Figure  7.  The  emissions  from  the  brown  pair  in 
the  connector  measured  using  the  addition 
junction. 


In  Figures  8  and  9  the  difference  of  the  emitted  powers  (Pd) 
measured  at  the  outputs  of  the  stripline  cell  are  shown  for  all  the 
twisted  pairs  whilst  the  devices  under  test  remain  stationary  in 
position  5.  It  can  be  seen  that  whilst  each  of  the  responses  have 
similar  sharp  features  to  those  observed  in  Figures  6  and  7,  the 
responses  for  the  different  wire  pairs  vary  greatly  from  each  other. 


Brown 


•••  Blue 
Orange 


Figure  8.  The  emissions  measured  in  position  5 
for  the  cable,  using  the  subtraction  junction. 
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Figure  9.  The  emissions  measured  in  position  5 
for  the  connector,  using  the  subtraction  junction. 

It  can  be  seen  from  Figures  6  to  9  that  all  of  the  emission 
responses  contain  strong  features  (sudden  peaks  or  troughs)  and 
the  amplitude  of  the  responses  vary  greatly  with  frequency.  It  can 
also  be  seen  that  whilst  the  emission  responses  remain  reasonably 
consistent  for  a  specific  pair  whilst  the  device  position  is  altered, 
the  responses  for  the  different  twisted  pairs  vary  widely  from  each 
other.  It  has  also  been  noted  that  the  responses  obtained  for  the 
two  devices  under  test  are  very  different  from  each  other  in  terms 
of  both  amplitude  and  the  positioning  of  the  features,  in  order  to 
closer  examine  these  differences  the  emissions  from  the  same  pair 
of  wires  in  the  same  position  for  each  device  were  compared. 

When  the  emissions  from  an  identical  pair  of  wires  passing 
through  the  connector  and  through  just  the  cable  are  compared  it 
is  immediately  evident  that  the  emissions  from  the  connector 
exceed  those  from  just  the  cable  on  its  own,  as  would  be  expected. 
However,  the  magnitude  of  the  difference  can  clearly  be  seen  in 
Figures  10  to  13. 
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Figure  10.  The  emissions  from  the  green  pair  in 
position  3  measured  using  the  addition  junction. 


Figure  11.  The  emissions  from  the  brown  pair  in 
position  3  measured  using  the  addition  junction. 


-  Cable  Blue  Frequency  (MHz) 

.  Connector  Blue 

Figure  12.  The  emissions  from  the  blue  pair  in 
position  4  measured  using  the  subtraction 
junction. 


••••♦•  Connector  Orange 

Figure  13.  The  emissions  from  the  orange  pair  in 
position  4  measured  using  the  subtraction 
junction. 

When  the  electric  dipole  moments  were  calculated  from  the 
emissions  responses  using  Equations  19  to  21,  the  differences 
between  the  cable  and  connector  results  were  immediately  evident 
(see  Figures  14  to  17). 


.  y  direction 

- z  direction 

Figure  14.  Electric  dipole  moments  from  the 
green  pair  in  the  cable. 
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- z  direction 

Figure  15.  Electric  dipole  moments  from  the 
green  pair  in  the  connector. 
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Figure  16.  Electric  dipole  moments  from  the 
brown  pair  in  the  cable. 


brown  pair  in  the  connector. 

The  magnetic  dipole  moment  amplitudes  were  obtained  from  the 
emissions  responses  using  Equations  22  to  24,  as  can  be  seen  in 
Figures  18  to  21.  As  with  the  electric  dipole  moments,  the 
amplitude  of  the  responses  varied  greatly  between  the  two 
devices. 


Figure  18.  Magnetic  dipole  moments  from  the 
blue  pair  in  the  cable. 


Figure  19.  Magnetic  dipole  moments  from  the 
blue  pair  in  the  connector. 


Figure  20.  Magnetic  dipole  moments  from  the 
orange  pair  in  the  cable. 


Figure  21 .  Magnetic  dipole  moments  from  the 
orange  pair  in  the  connector. 


Both  sets  of  dipole  moment  responses  show  strong  features  that 
are  consistent  between  the  three  orthogonal  dipoles  that  represent 
a  specific  device  and  twisted  pair.  However,  the  dipole  moment 
responses  vary  greatly  between  the  different  pairs,  suggesting  that 
the  total  emitted  power  contributed  by  each  pair  is  also  different. 
This  hypothesis  was  tested  by  using  the  dipole  moment  responses 
to  calculate  the  total  power  emitted  by  each  pair  in  each  device 
using  Equation  25. 
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It  can  be  seen  from  Figure  22  that  the  total  power  emitted  by  each 
pair  in  the  cable  is  rather  similar,  though  the  emitted  power  does 
vary  with  both  pairs  and  frequency.  However,  the  total  power 
emitted  by  the  connector  is  strongly  dependant  on  the  twisted  pair 
being  tested,  see  Figure  23.  It  can  be  seen  by  comparing  Figures 
22  and  23  that  more  power  is  emitted  from  the  connector  than 
from  just  the  cable,  to  quantify  this  difference  the  total  power 
emitted  by  each  pair  in  each  device  was  averaged  over  the  entire 
frequency  range,  these  results  are  shown  in  Table  1. 


.  Brown 

- —  Blue 
-  Orange 

Figure  22.  Total  power  emitted  from  the  cable. 


.  Brown 

- Blue 
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Figure  23.  Total  power  emitted  from  the 
connector. 

It  can  be  seen  from  Table  1  that  the  average  power  emitted  by  a 
pair  in  the  connector  is  up  to  13dB  greater  than  that  which  is 
emitted  by  the  same  pair  in  just  the  cable  on  its  own.  It  can  also 
be  seen  that  the  amount  of  power  emitted  by  each  cable  pair  is 
different,  probably  due  to  the  positioning  of  the  pair  within  the 
cable. 


Table  1.  Showing  the  average  ‘total  emitted 
power*  (in  decibels)  for  each  device  and  pair. 


r 

Green 

Brown 

Blue 

Orange 

Cable 

-14.8 

-15.1 

-12.8 

-10.4 

Connector 

-5.6 

-2.8 

-7.9 

-9.0 

4.  Conclusion 

The  method  described  in  this  paper  can  be  used  to  obtain  the 
dipole  moments  of  any  device  (provided  certain  criteria,  such  as 
device  size,  are  met),  quickly,  easily  and  relatively  inexpensively. 
These  dipole  moments  can,  in  turn,  be  used  to  predict  the  total 
emitted  power  and  (if  phase  is  taken  into  consideration)  the 
radiation  patterns  from  the  device. 

The  dipole  moments  obtained  for  both  a  cable  and  a  connector 
were  used  in  this  manner  to  obtain  the  total  emitted  power  as  a 
function  of  frequency.  These  results  show  how  much  extra  power 
is  radiated  from  a  connector  relative  to  a  cable  and  hence 
demonstrate  the  need  to  fully  characterise  and  examine  these 
emissions. 

In  this  paper  a  method  has  been  demonstrated  by  which  a  complex 
electromagnetic  device  can  be  broken  down  into  six  dipoles  that 
can  be  used  to  represent  its  behaviour.  These  representative 
dipoles  can  then  be  used  in,  for  example,  numerical  modelling  to 
predict  the  emissions  from  systems  of  which  this  device  is  only  a 
part. 
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Abstract 

PMD  is  the  limiting  factor  in  long  haul  and  high  bit  rate 
transmission.  In  this  paper,  fiber  refractive  index  (RI)  profile  and 
dopant  are  investigated  to  reduce  PMD.  The  higher  relative 
refractive  index  between  core  and  adjacent  cladding  is  a  critical 
factor  leading  to  worse  PMD.  Gradient  profile  is  introduced  in 
profile  designing  to  reach  the  same  optical  characters  but  with  lower 
PMD.  The  stress  distribution  in  radius  which  can  contribute  to  the 
PMD  is  also  analyzed  by  experiment.  A  series  of  tests  are 
implemented  to  analyze  the  impact  of  profile  distribution  on  PMD. 
Results  show  that  core  circularity  can  be  improved  by  20%,  and 
PMD  can  be  reduced  by  27%  for  DCF. 

Keywords 

Refractive  index  profile;  dopant;  inner  stress;  PMD 

1.  Introduction 

It  is  well  known  that  PMD  is  the  limiting  factor  in  long  haul  and 
high  bit  rate  transmission.  Fiber  and  cable  manufactures  are  working 
hard  to  improve  PMD.  PMD  compensator  is  also  under  studied  and 
commercial  product  is  available  now,  but  with  very  high  cost. 
Although  PMD  is  very  complex  and  is  a  random  parameter  during 
fiber  is  working,  one  is  still  hoping  that  PMD  is  small  and  stable  in 
fiber.  In  this  paper,  fiber  refractive  index  (RI)  profile  and  dopant  are 
investigated  to  reduce  PMD. 

For  any  kinds  of  transmission  fiber:  G652,  G653,  G655,  or 
even  DCF  (dispersion  compensation  fiber),  multi-cladding  are  used 
to  present  a  required  optical  character  and  transmission 
performance.  Normally,  a  sharp  core  is  in  the  center  of  the  profile. 
The  higher  relative  refractive  index  between  core  and  adjacent 
cladding  is  a  critical  factor  leading  to  worse  PMD.  This  is  performed 
in  two  aspects:  one  is  the  suddenly  dopant  changing  from  core  to 
cladding  makes  the  core  circularity  worse;  another  is  that  inner 
stress  between  core  and  cladding  is  not  homogeneous  because  of  the 
large  difference  of  material  expanding  coefficient  between  core  and 
cladding.  All  these  impacts  will  contribute  to  a  higher  PMD. 

In  this  paper,  the  contribution  on  PMD  of  RI  profile  and 
dopant  in  core  and  cladding  are  analyzed.  Gradient  profile  is 
introduced  in  profile  designing  to  reach  the  same  optical  characters 
but  with  lower  PMD.  The  plasma  chemical  vapor  deposition 
(PCVD)  process  is  used  in  our  experiments.  The  thickness  of  every 
deposition  layer  in  preform  is  less  than  1  micron  in  PCVD  process. 
With  PCVD  process,  we  can  produce  fiber  with  smooth  and  triangle 
shape  profile.  The  small  lean  in  the  core  can  give  both  a  better  core 
circularity  and  a  more  homogenous  inner  stress. 

The  stress  distribution  is  a  big  issue  and  has  been  analyzed 
in  many  papers.  But  those  papers  focus  on  the  stress  effect  on  fiber 
strength,  crack  formation  and  aging  performance.  This  paper  will 
focus  on  the  stress  distribution  in  radius  which  can  contribute  to  the 
PMD. 


A  series  of  tests  are  implemented  to  analyze  the  impact  of 
profile  distribution  on  PMD.  Results  show  that  core  circularity  can 
be  improved  by  5%,  and  PMD  can  be  reduced  by  3%  For  G.655. 
The  detail  situation  on  inner  stress  is  under  testing. 

2.  Analyzing  on  PMD  and  profile  doping 

2.1  Preform  prepared  by  PCVD  process 

Plasma-active  Chemical  Vapor  Deposition  (PCVD)  is  known  as  its 
high  deposition  efficiency  of  doped  silica  together  with  the  precise 
control  of  the  refractive  index  profile  in  preform  making.  During 
PCVD  process,  the  desired  gas  mixtures,  a  combination  of  SiCL4, 
GeCL4,  C2F6  and  02  are  fed  into  the  substrate  tubes  at  a  low 
pressure.  C2F6is  only  used  in  PCVD  process  in  standard  fiber 
manufacturing.  Thus,  material  characters  are  different  from  other 
preform  making  process.  A  moving  non-isothermal  plasma  area  is 
generated  inside  the  tube  by  a  microwave  (2.45GHz).  Reactions  are 
stimulated  and  deposition  of  the  desired  glass  components  on  the 
inner  wall  of  the  substrate  tubes  occurs  in  this  plasma  area.  During 
deposition  the  substrate  temperature  is  kept  constant  at  a 
temperature  at  about  1 200 "C  by  a  stationary  furnace  over  the  whole 
unit.  In  the  PCVD  process,  the  microwave  energy  required  to 
maintain  the  plasma  and  to  stimulate  the  reactions  is  coupled 
directly  into  the  gasphase  without  influenced  by  heat  transfer 
problem.  So  the  transverse  speed  of  the  resonator  can  be  high,  and 
the  deposition  layer  is  very  thin  (micron  thickness),  which  makes  the 
profile  accurate  and  precise.  It  is  also  a  positive  factor  to  control  the 
profile  shape  in  the  view  of  PMD  reduction. 

2.2  PMD  reduction  during  manufacture 

From  the  cause  of  PMD,  the  most  directly  way  to  reduce  PMD  is 
to  manufacture  fiber  with  its  core  as  circular  as  possible  and  stress 
in  both  redial  and  axial  directions  as  homogeneous  as  possible. 
Both  geometrical  circularity  and  optical  circularity  of  core  are 
mostly  determined  by  the  even  deposition.  During  deposition,  gas 
pressure  inside  deposition  tube  is  kept  low  to  guarantee  the 
uniform  distribution  of  gas  mixture  concentration.  The  gasflow  is 
carefully  controlled  by  MFC  to  keep  the  residence  time  of  the 
reactive  gas  in  the  plasma  zone,  constant  to  get  the  same 
deposition  yield  of  Si02  and  Ge02.  Different  MFC  are  also  used 
to  maintain  the  same  materials  structure  in  the  reactive  zone.  The 
applied  plasma  power  is  kept  stable  and  proportional  to  the 
deposition  rate,  no  any  power  varying  available.  The  deposition  is 
also  strongly  related  to  the  inner  wall  temperature  of  the  substrate 
tube,  so  beside  the  plasma  power,  the  stationary  furnace 
temperature  should  also  be  kept  constant.  The  even  deposition  is 
also  guaranteed  by  the  resonator  transverse  speed.  We  maintain  it 
to  make  it  stable  and  proportional  to  the  deposition  rate. 
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The  second  reason  causing  PMD  is  inner  stress.  It  is 
well  known  that  preparation  of  preform  is  always  associated  with 
the  generation  of  stress  because  that  different  doped  regions 
forming  the  core  and  the  cladding  usually  have  different  thermal 
expansion  coefficients.  Especially  for  non-zero  dispersion  shift 
fiber  or  dispersion  compensation  fiber  which  have  quite  different 
dopant  in  core  and  cladding.  To  reduce  the  stress  to  a  low  level 
can  benefit  PMD  at  the  following  process  steps.  Refractive  index 
profile  is  specially  designed  and  dope  at  the  interface  of  core  and 
cladding  is  controlled  by  more  accurate  deposition  to  make  the 
profile  smoother,  therefore,  inner  stress  is  decreased. 

At  the  collapse  step,  the  pressure  inside  and  outside  the  deposited 
tube  are  adjusted  in  order  to  prevent  tube  deforming  to  get  a 
balanced  state.  If  there  is  tube  deformed  at  previous  process, 
flame  is  used  to  reshape  that  deformed  part  and  inner  stress  is  also 
released  at  the  same  time. 

2.3  Theoretical  background  of  stress 

Stress  generated  due  to  difference  of  thermal  expansion 
coefficients  in  a  preform,  axial  stress  o  z  can  be  expressed  by*3-1: 


<7,=  f  ~^-Wr,T)-c(T)\iT  0) 

J  i-v(r) 

x  room 

By  integration,  the  radial  stress  can  be  obtained: 

<7,  =  \  j(Tz  (r'  y  dr'  (2) 

r  o 

Where 

R 

c(T)=  fa(r,T)rdr  (3) 

e 

T*  is  a  virtual  temperature  above  room  temperature  where  stress 
starts  to  develop  during  cooling,  a  (r,T)  is  the  thermal  expansion 
coefficient  at  the  radial  position  r  and  the  temperature  T,  E(r,T) 
and  v(r,T)  are  the  elastic  modulus  and  Poisson’s  ration 
respectively,  R  is  the  preform  diameter. 
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Figure  1  Thermal  stress  profile  of  Fluorine  doping  fiber 


In  a  preform  with  F-doped  in  cladding,  the  radial  stress  can  be 
calculated  basing  on  above  equations  and  is  shown  in  fig.  1 .  In  fig. 
1,  solid  line  is  refractive  index  profile  and  dashed  line  is  radial 


stress  profile.  It  can  be  seen  that  the  maximum  is  at  the  interface 
of  core  and  cladding  where  the  dopant  is  different. 

2.4  Stress  characters  of  doping  material 

The  PCVD  materials,  the  fluorine  doped  materials  in  special,  have 
new  properties.  The  density  of  the  material  decreases  with  about 
0.5%  per  weight  %  of  fluorine  concentration[4](see  fig.  2).  This 
character  can  be  used  to  balance  the  density  in  core  and  cladding. 


The  major  concerning  of  materials  characters  is  the  thermal 
expansivity  of  materials  which  contributes  the  PMD  of  fiber. 
Generally  speaking,  Germanium  doped  material  have  a  thermal 
expansion  coefficient  that  increases  proportional  to  the 
germanium  concentration.  Fluorine  doped  materials  seems  to  have 
smaller  expansion  coefficient  than  pure  quartz.  The  deposition  is 
basing  on  pure  quartz.  The  stresses  that  arise  between  quartz  as 
substrate  and  deposition  materials  are  shown  in  fig.  3.  It  can  be 
seen  that  germanium  doped  quartz  exerts  positive  stresses  and 
fluorine  doped  materials  generate  negative  stresses  up  to 
concentrations  which  yield  1%  refractive  index  difference. 
Because  the  stresses  are  determined  by  the  dopant  concentrations 
[6],  it  is  possible  to  design  the  RI  profile  and  doping  in  core  and 
cladding  to  keep  the  PMD  less  influenced  by  inhomogeneous 
stresses. 


*  o 


Figure  3  Mechanical  stress  in  doped  PCVD  material  vs 
refractive  index 

In  the  F  doping  material,  the  variation  of  the  thermal  stress  with 
the  relative  refractive  index  difference  is  completely  different 
from  the  germanium  doping  material.  For  most  kinds  of  fiber,  the 
relative  refractive  index  in  F  doping  cladding  is:  0>A>-1.0% 
where  the  relative  stress  values  are  negative  with  respect  to  the 
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substrate  tube  materials.  In  some  cases  of  dispersion 
compensation  fiber,  the  relative  refractive  index  of  depressed 
cladding  can  be  less  than  -1.0%  and  in  this  case,  the  relative 
stress  change  its  sign  and  continues  to  increase  for  more  negative 
A  values.  See  fig.  3. 

The  stress  behavior  induced  during  drawing  process  has  been 
discussed  in  many  papers[l]m.  The  inhomogeneous  stress  in  radius 
induced  by  drawing  process  is  a  big  issue  for  PMD  reduction  and 
the  drawing  condition  and  hot  zone  should  be  carefully  designed. 
It  is  not  analyzed  in  this  article. 

3.  Experiment  and  results 

From  the  theory  analyzed  above,  it  is  known  that  PMD  is 
proportion  to  birefringence  rate.  There  two  reasons  causing 
birefringence:  the  geometrical  and  stresses  birefringence.  They 
cannot  be  eliminated  completely.  What  we  can  do  is  to  decrease 
their  effect  on  PMD  as  low  as  possible  through  fiber  profile 
designing,  including  the  wave-guide  structure  and  the  doping 
concept. 

Experiments  have  been  done  about  the  relationship  between  PMD 
and  fiber  profile  design.  The  experiment  conditions  are: 

a.  All  of  the  substrate  tubes  and  the  jacket  tubes  are  Heraus’  F- 
300  glass  tubes. 

b.  All  of  the  substrate  tubes  have  the  same  size  and  the  similar 
geometrical  specification,  and  also  jacket  tubes. 

c.  With  the  same  PCVD  process  and  the  same  collapsing 
process. 

d.  The  core  non-circularity  in  perform  is  measured  by  PK2600. 

e.  With  the  same  drawing  conditions(tower,  drawing  tension 
and  drawing  speed). 

f.  PMD  is  measured  by  PMD400. 

For  each  profile  concept,  at  least  800km  fiber  were  drown  and 
used  for  PMD  analyzing. 

3.1  The  relationship  between  Rl  profile  shape  and 
PMD 

In  order  to  guarantee  the  required  wave-guide  characteristics,  high 
refractive  index  in  core  and  thin  core  diameter  are  necessary.  For 
example:  from  G.652  to  G.655  and  DCF  fiber,  the  refractive  index 
in  core  is  higher  and  higher,  while  the  core  diameter  gets  thinner 
and  thinner.  Those  varying  will  make  PMD  worse.  Higher  RI  in 
core  is  to  makes  the  stress  inhomogeneous.  A  relative  thinner 
fiber  core  diameter  can  contribute  to  a  bad  geometrical  core 
circularity,  and  that’s  the  reason  of  geometrical  birefringence. 
Therefore,  the  PMD  of  DCF  is  higher  than  that  of  G.655  and 
G.652  fiber.  The  refractive  index  profiles  of  G.652  fiber,  G.655 
fiber  and  DCF  are  shown  in  figure  4.  As  a  typical  fiber,  G.655 
fiber  is  tested  with  two  profile  shapes:  step  core  and  gradient  core. 
Both  profile  concepts  have  the  same  transmission  characters. 

The  data  of  different  RI  profile  and  PMD  are  compared  in  table  1. 
During  testing,  all  the  fiber  manufacturing  conditions  are  kept 
same  to  find  the  effect  of  profile  and  material  doping. 


Table  1.  The  PMD  value  of  G652,  G655  and  DCF  fiber. 


G.652 

G.655- 

gradient 

G.655-step 

DCF 

core  data(%) 

0.35 

0.66 

0.64 

1.7 

core  dia.(pm) 

4.64 

3.66 

3 

1.82 

PMD 

avg.(ps/km,/2) 

0.03 

0.033 

0.038 

0.08 

From  the  comparing,  core  should  be  a  gradient  shape  instead  of 
step  one  when  refractive  index  of  core  is  relative  high.  For  the 
concerning  of  fiber  PMD  and  manufacturing,  the  profile  concept 
of  decreasing  the  RI  in  core  and  enlarging  the  core  diameter  as 
possible  are  recommended  in  fiber  profile  design. 

3.2  The  smoother  the  RI  profile  between  different 
layers,  the  lower  the  PMD 

In  order  to  match  the  requirement  of  the  long  haul  and  high  bit 
rate  optical  transmission  system,  multi-cladding  fiber  profile 
design  is  necessary.  As  an  example  G.655  fiber  has  a  sharp  core  in 
the  center  of  the  profile  and  2  or  3  claddings.  The  higher  relative 
refractive  index  between  core  and  adjacent  cladding  is  a  critical 
factor  leading  to  worse  PMD.  This  is  performed  in  two  aspects: 
one  is  the  suddenly  dopant  changing  from  core  to  cladding  makes 
the  core  circularity  worse;  another  is  that  inner  stress  between 
core  and  cladding  is  not  homogeneous  because  of  the  large 
difference  of  material  expanding  coefficient  between  core  and 
cladding.  All  these  impacts  will  contribute  to  a  higher  PMD. 

Three  samples  of  G.655  fiber  with  different  profile  slope  are 
tested.  The  profiles  of  testing  samples  are  shown  in  fig.5.  Fiber 
profile  of  sample  2  is  shown  in  fig.  6.  The  PMD  values  are  in 
table  2.  From  the  experiment  results  we  can  find  that  gradient  RI 
profile  design  in  fiber  core  can  reduce  the  sudden  varying  of  the 
thermal  expansion  coefficient  between  different  material  in  core 
and  cladding. 
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Figure  6.  fiber  profile  of  sample  2 

With  PCVD  process,  it  is  relative  easy  to  deposit  gradient  profile 
shape  and  keep  the  gradient  profile  smooth  with  thin  deposited 
layers. 


Table  2  Fiber  results  of  different  profiles 


core  non- 
cir.(%)  avg.in 
preform 

PMD 

avg.(ps/km1/2) 

fiber  loss  avg. 
at 

1550nm(dB/k 

m) 

Sample  1. 

1.2% 

0.15 

0.51 

Sample  2. 

1.0% 

0.10 

0.53 

Sample  3. 

0.6% 

0.06 

0.56 

3.3  Experiment  on  doping  with  different 
concentration  in  deposition 

The  doping  material  in  Si02  can  help  us  get  the  expected  RI 
profile,  and  at  the  same  time,  the  glass  transition  temperature  Tg 
can  also  be  changed.  Whatever  Freon  dopant  or  Germanium 


dopant  in  Si02,  both  of  them  can  decrease  Tg.  Lower  Tg  make  it 
easier  to  collapse  a  deposited  tube  into  a  perform.  We  can  keep  a 
better  core  circularity  level  in  perform  under  a  relative  lower  Tg. 
On  the  other  hand,  a  relative  lower  Tg  means  a  relative  small 
drawing  tension  when  using  the  same  drawing  temperature  and 
drawing  speed.  The  small  drawing  tension  can  depress  the  non¬ 
isotropy  of  stress  in  fiber  and  decrease  the  fiber  PMD. 

Too  much  doping  can  also  increase  the  fiber  nature  attenuation 
finally.  So  doping  in  core  and  cladding  is  specially  designed  to 
reach  a  balance  between  decreasing  fiber  PMD  and  controlling 
fiber  attenuation. 

In  this  experiment,  DCF  profile  designing  is  tested  in  different 
doping  to  investigate  the  doping  effect  on  PMD.  The  RI  profile  is 
kept  the  same,  and  mol.  concentration  of  dopant  is  varied. 
Therefore,  the  glass  transition  temperature  will  be  changed  in 
addition.  Th  experiment  results  are  shown  in  Table  3.  The  RI 
profile  of  DCF  has  been  shown  in  Figure  4. 

From  table  3,  we  can  see  that  the  relative  lower  glass  transition 
temperature  Tg  design  can  be  helpful  for  keeping  good  circularity 
of  perform  and  decreasing  drawing  tension,  and  the  PMD  can  be 
controlled  within  a  low  level  easily.  Core  circularity  of  example  2 
is  improved  20%  comparing  with  that  of  example  1,  and  PMD  of 
example  2  is  decreased  27%. 

4.  Conclusion 

In  this  paper,  we  analyze  the  contribution  on  PMD  of  RI  profile 
and  dopant  in  core  and  cladding.  Different  slope  of  gradient 
profile  is  tested  to  investigate  the  impact  of  profile  shape  on 
PMD.  The  tested  preforms  are  prepared  by  PCVD  process  which 
is  easy  to  control  the  RI  profile  shape.  The  small  lean  in  the  core 
can  give  both  a  better  core  circularity  and  a  more  homogenous 
inner  stress.  The  stress  distribution  is  also  discussed  in  the  view  of 
PMD  improving. 


Table  3.  The  different  doping  mol.  Concentration  of  Fluorine  and  Germanium  in  DCF 


doping  mol.concentration(%) 

core  non-cir.(%)  in  preform 

PMD  avg.(ps/km1/2) 

fiber  loss  at  1550nm(dB/km) 

Ge  in  core 

Fr  in  core 

avg. 

avg. 

example  1 . 

55.3% 

0.0% 

1.5% 

0.11 

0.53 

example  2. ! 

63.0% 

0.3% 

1.2% 

0.08 

0.58 

example  3. 

70.7% 

0.6% 

0.9% 

0.06 

0.67 

Figure  4.  The  RI  profile  of  G.652,  G.655  and  DCF 
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A  series  of  tests  are  implemented  to  analyze  the  impact  of  profile 
distribution  on  PMD.  Results  show  that  core  circularity  can  be 
improved  by  20%,  and  PMD  can  be  reduced  by  27%. 
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Abstract 

This  paper  presents  a  characterization  of  Polarized  Mode  Dispersion 
(PMD)  by  using  different  statistical  models  describes  on  the  bulletin 
1TA/EIA  TSB107.  The  numerical  simulations  were  based  on 
experimental  data  obtained  from  different  loose  tube  optical  cables 
with  standard  single-mode  fibers.  The  results  showed  that  from  a 
certain  number  of  cable  section  (N  >  20)  the  maximum  admissible 
PMD  coefficient  in  the  optical  link  converges  to  a  fixed  value, 
and  do  not  depend  on  the  statistical  model  employed.  The  results 
obtained  for  N  <  10  showed  a  reasonable  variation  in  the 
estimated  values. 

Keywords 

Fiber;  Optical  Cable;  Optical  Link;  PMD  coefficient 

1.  Introduction 

Low  PMD  value  is  a  fundamental  requirement  for  current  optical 
transmission  rates  at  10  Gbit/s  and  beyond.  For  example,  high 
PMD  is  a  serious  issue  for  WDM  network,  particularly  when  the 
bit  rate  increases  up  to  more  than  40  Gb/s.  Actually,  high  PMD 
values  emerges  as  severe  constraints  on  long-haul  multi-channel 
high  data-rate  systems[1].  The  PMD  effect  arises  in  single  mode 
fiber  when  circular  symmetry  is  broken  by  the  presence  of  an 
elliptical  core  or  by  non-circularly  symmetric  stresses,  which  are 
induced  during  manufacture  process.  In  perfect  single  mode  (SM) 
fibers  having  perfect  cylindrical  geometry,  there  are  two 
degenerate  modes  polarized  in  two  orthogonal  directions.  The 
deviation  from  the  geometrical  symmetry  breaks  the  mode 
degeneracy  and  causes  a  birefringence  resulting  in  the 
polarization  modes  propagating  with  different  group  velocities 
along  two  orthogonal  axes.  The  temporal  delay  between  the  two 
polarization  modes  at  a  given  wavelength  is  known  as  the 
differential  group  delay  (DGD).  The  average  of  DGD  values 
across  wavelengths  yields  the  PMD  Value.  The  birefringence  in 
optical  fiber  is  also  perturbed  by  microbends,  twists,  temperature 
change,  etc.,  which  are  randomly  distributed  along  the  fiber. 
These  mechanisms  induce  an  power  exchange  between  the  fast 
and  the  slow  mode,  resulting  in  a  random  variation  of  DGD.  In 
this  case,  theoretically,  polarization  mode  dispersion  must  be 
treated  statistically.  The  DGD  is  an  intrinsic  function  of  the 
wavelength  and  of  the  environmental  conditions,  to  which  the 
fibers  are  submitted.  For  optical  cable,  the  variation  in  DGD 
value  in  time  and  wavelength  follows  a  Maxwell  distribution  . 


Differential  group  delay  (DGD)  is  usually  measured  in  a  pico¬ 
second  scale  and  it  represents  a  singular  result  of  a  statistical 
process.  In  the  other  hand,  PMD  value  represents  the  expected 
value  (mean)  of  that  same  process.  In  a  practical  way,  a  parameter 
denominated  PMD  coefficient  is  defined  as  the  value  of  PMD 
divided  by  the  square  root  of  the  length  (ps  /  V  km)  of  a  cable 
section  or  link.  This  definition  is  consistent  with  results  observed 
experimentally,  where  PMD  value  assumes,  for  long  fiber  lengths, 
a  dependence  with  the  square  root  of  the  distanced 

There  are  several  studies  on  the  PMD  phenomenon,  but  only 
recently  works  regarding  PMD  phenomena  in  installed  optical 
cable  fibers  have  been  published[4’5’6].  The  few  works  found  in 
literature  are  associated  with  the  difficult  of  measuring  PMD  in  a 
real  link,  since  beside  mechanical  effects,  PMD  can  be  strongly 
influenced  by  physical  surrounding  in  which  cables  are 
installed173.  The  difficulty  in  measuring  PMD  coefficient  on 
installed  links  has  raised  the  attention  on  statistical  methods  to 
estimate  such  parameter  in  long-distance  links.  These  methods 
use  the  approach  of  concatenated  cables  sections  to  estimate  an 
allowed  PMD  coefficient  of  the  link  (PMDq),  in  a  probability 
basis.  The  Bulletin  TIA/EIA  TSB107  describes  different  methods 
to  estimate  allowed  PMD  coefficient,  but  is  not  so  clearly 
presented^1.  Our  objective  in  this  work  is  to  describe,  implement, 
and  apply  such  models  using  loose-tube  optical  cable 
configurations. 

2.  Statistical  Characterization  of  PMD 

The  PMD  phenomena  is  a  stochastic  attribute  on  a  fundamental 
level:  it  varies  in  magnitude  randomly  over  time  and  wavelength. 
It  is  well  known  that  the  PMD  of  a  long  and  ultra-long  optical  link 
at  a  given  wavelength  change  in  response  to  its  environment.  This 
means  that  this  parameter  can  not  be  expressed  by  an  individual 
number,  but  by  means  of  a  probability  distribution  function^. 
However,  cabled  fiber  PMD  shall  be  characterized  on  a  statistical 
basis  not  on  an  individual  fiber  basis.  One  approach  is  to  consider 
the  statistical  properties  of  the  PMD  distribution  generated  from 
the  cabling  process.  Two  method  can  be  used  to  specify  the 
characteristics  of  the  PMD  distribution:  The  first  one  is  related  to 
PMD  coefficient  variation  of  concatenated  links  and  the  other  one 
is  related  to  the  variation  of  DGD  value  in  concatenated  links. 
This  work  applies  the  first  mentioned  method,  which  uses  the 
approach  of  concatenation  by  quadrature  average.  In  this  case,  the 
PMD  coefficient  of  a  link  is  defined  as  the  square  root  of  the  sum 
of  squares  of  PMD  values  of  the  cable  sections  that  are  used  to 
form  the  link 
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Z*.2 


i=\ 


N 


where  represents  the  normalized  relative  frequency  in  which 
the  values  of  the  link  PMD  coefficient  appear  in  the  distribution. 
The  maximum  PMD  coefficient  of  the  link,  XQ,  is  the  first  value 
of  XN  that  satisfy  the  condition  cm  >  1  -  Q. 


Where: 

N  Number  of  equal  length  cable  sections  comprising  the  link 

Xj  The  PMD  coefficient  of  fiber  in  an  individual 
cable(ps/sqrt(km)) 

Xn  The  PMD  coefficient  of  a  concatenated  link  of  N 
cables(ps/sqrt(km)) 


The  Probability  distribution  of  link  PMD  coefficients  depends  on 
the  distribution  of  the  individual  cable  PMD  values  and  the 
number  of  cable  sections  in  the  link,  N.  In  a  statistical 
distribution,  the  value  assumed  by  a  random  variable  can  be 
calculated  through  the  probability  of  occurrence  of  that  value. 
Therefore,  to  each  value  of  the  PMD  coefficient  of  a  given 
distribution  in  a  link  comprised  by  M  cable  sections,  is  associated 
an  occurrence  probability.  The  maximum  link  PMD  coefficient 
Xq,  is  defined  in  terms  of  a  small  value  of  probability  Q,  such 
that,  the  probability  that  a  link  PMD  coefficient  XN  is  greater  than 
Xq,  is  smaller  than  the  probability  Q: 


Pr(XN  >XQ)  <  Q 


Q  should  necessarily  assume  a  low  value.  In  this  work,  Q  was 
considered  equal  to  10^.  The  probability  density  functions  and 
the  respective  maximum  link  coefficient  for  a  given  distribution 
(Xq)  is  obtained  by  using  different  mathematical  methods,  such 
as  Monte  Carlo,  Gamma  Model,  and  Generalized  Central  Limit 
Theorem.  These  methods  are  defined  in  terms  of  a  small 
probability  level,  Q,  which  is  the  probability  that  a  link  PMD 
coefficient  exceeds  the  maximum  PMD  coefficient  Xq. 


2.1  Monte  Carlo  Technique 

In  order  to  build  the  probability  distribution  using  Monte  Carlo 
method,  the  PMD  coefficient  for  each  cable  section,  xi?  is  chosen 
randomly  from  individual  PMD  values  of  cabled  fibers  obtained 
from  the  manufacture  process.  The  values  are  added  in 
quadrature,  according  to  equation  (1),  in  order  to  calculate  the 
link  PMD  coefficient,  XN,  comprised  by  N  cable  sections.  The 
process  is  repeated  K  times,  where  K  >  10/Q.  For  Q  =  10^,  there 
are  100.000  possible  link  values.  The  maximum  PMD  coefficient 
is  determined  from  the  accumulated  probability  density  function 
given  by 


m 

=2 \Pk 


A=1 


(2) 


2.2  Gamma  Model  Technique 

The  Gamma  function^  ’  ,n^  is  a  model  widely  used  to  represent 
many  natural  physical  phenomena.  The  gamma  family 
distribution  derived  from  gamma  model  can  be  used  to  represent 
both  individual  PMD  value  and  link  coefficient  distributions.  The 
model  is  based  on  the  assumption  that  the  square  of  the  PMD 
coefficient  of  individual  cables  sections  follow  a  distribution  in 
agreement  with  a  random  variable  of  the  Gamma  type.  The  same 
way,  the  distribution  of  PMD  coefficients  of  a  link  with  many 
cable  sections  connected,  may  be  also  represented  by  the  same 
variable  and  can  be  used  to  estimate  the  parameters  that  define  the 
distribution  of  probabilities  for  the  link.  The  probability 
distribution  function  Gamma  is  expressed  by: 


f{X,  a ,  p,N)  =  2  x2Ma~'  exp[-N/3X2]  (3) 

i  [a) 


Where  X  are  the  PMD  coefficient  values  for  the  link,  a  and  p  are 
parameters  that  define,  respectively,  the  shape  and  scale 
parameter  of  the  distribution  and  M  is  the  number  of  cables 
sections  that  are  connected  to  form  the  link.  The  characterization 
of  the  Gamma  distribution  is  made  by  determining  the  values  of 
a  and  p  respectively.  These  parameters  can  be  calculated  using 
the  Moments  Method  [8!  or  the  Maximum  likelihood  Method 
,  as  described  below. 


2.2.1  Method  of  moments 

This  is  an  iterative  method  based  on  the  assumption  that  Na  >  5, 
because  the  parameter  values  are  estimated  before  the  verification 
of  this  inequality.  In  order  to  implement  this  estimative,  the 
Monte  Carlo  method  is  required  again  with  the  objective  to  ensure 
the  assumption  of  the  inequality.  Theoretically,  the  expected 
value  or  the  mean  of  the  Gamma  distribution  (1st  order  moment 
related  to  the  origin  of  the  distribution)  is  presented  by  a/p^14l 
The  Monte  Carlo  technique  permits  to  generate  a  distribution  of 
PMD  coefficients,  calculate  the  mean  of  the  squares  of  these 
values  and  compare  it  with  the  mean  of  the  Gamma  function,  as 
described  by  equation  4: 


a 

1 


(4) 


where  k  is  the  number  of  Monte  Carlo  iterations  (>100,000) 
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The  variance  of  the  Gamma  function  can  be  approximated  by  the 
variance  related  to  squares  mean  (2nd  order  moment,  related  to  the 
mean  of  the  distribution)  as: 

— —  =  Average  of  [(X  -  v)2  ]  (5) 

4  Nfi 


1 

4NJ3 


(6) 


By  using  equations  (4)  and  (6),  the  a  and  P  parameters  can  be 
estimated  and  the  probability  distribution  function  Gamma  given 
by  equation  3  is  obtained. 


j^rr  exp(-y)dy  =  l-Q  (10) 

oJr(«) 

where,  a  =  Not  and  y  =  NP(Xn)2.  N  represents  the  number  of  cable 
sections  and  XN  is  the  PMD  coefficient  of  the  link.  Therefore,  to 
obtain  the  solution  of  this  integral,  it  is  necessary  to  find  a  value 
for  pq  in  order  to  satisfy  the  condition  1-Q.  The  Maximum  PMD 
coefficient  of  the  link  is  given  by 


(ID 


2.2.2  Maximum  Likelihood  Method 

This  method  starts  directly  from  measurements  of  PMD 
coefficients  on  individual  cable  sections.  A  log-likelihood 
function  [16]  is  defined  by: 

G(a ,  0,xi)  =  Yj  ln(— )  -  n  ln(r  (a)) + 

i=l  Xi 

4>(Af)-/?X*,2  (7) 

i= 1  >=1 


2.3  Generalized  Central  Limit  Theorem 

In  this  method,  the  individual  PMD  coefficients  of  individual 
cable  sections  are  used  to  calculate  the  following  moments 

(12) 

n  m 

(13> 

n- 1" 


where  n  represents  the  number  of  measurements  on  individual 
cable  sections  (100  measures  in  the  case  of  this  work)  and  xj  is  the 
PMD  coefficient  value  of  an  individual  cable  section. 

The  shape  and  scale  parameter,  a  and  p,  respectively,  are  values 
that  maximize  the  G  function.  These  values  are  calculated  by 
taking  the  second  derivate  of  G(a,p,Xi )  with  respect  to  a  and  p, 
and  applying  the  following  condition: 


ln(tt)  -  y/{Sn)  +  2  gn  =  0 
P  =  a!  Sn 


Sn  =  ifxf  ,  gn  =  ±±ln(Xi ) 
n  m  »  m 

\j/(a)  is  the  Digamma  function[15,16]. 


Equation  (8)  is  resolved  by  calculating  the  nulls  of  the  function  a. 
With  the  computed  values  of  a  and  P,  the  PMD  coefficients 
distribution  can  be  constructed  using  equation  (3).  The  maximum 
link  PMD  coefficient  is  estimated  applying  the  following 
condition:  for  a  given  value  of  Q,  the  probability  of  finding  a 
value  of  PMD  coefficient  higher  than  Pq  is  given  by 


Mi  =-^±(x? -Ml)  (14) 
n-l  w 

where, 

Xi  -  PMD  coefficient  measured  in  a  cable  section  (ps/Vkm); 
n  -  number  of  measurements 

The  maximum  PMD  coefficient  of  the  link  obtained  from  the 
accumulated  probability  density  function  [17]  is  given  by 


where  zq  is  a  variable  that  depends  on  the  value  attributed  to  Q  [6] 
e  N  indicates  the  number  of  cable  sections  in  the  link. 

3.  Experimental 

In  order  to  realize  the  numerical  simulation,  we  choose  from 
manufacture  production  four  loose  tube  optical  cables  with  24, 
72,  96,  and  144  standard  single-mode  fibers,  respectively.  The 
length  of  each  configuration  was  5  km.  For  each  cable 
configuration  100  PMD  values  were  measured  taking  cabled 
fibers  chosen  randomly  from  manufacture  production,  and  using 
the  interferometer  technique  with  a  1.55  pm  light  source1181.  The 
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PMD  of  all  cabled  fibers  were  measured  in  a  room  where 
temperature  was  kept  constant  at  21  °C.  The  statistical  results  of 
individual  PMD  coefficients  are  summarized  in  table  1.  Fig.  1 
shows  the  PMD  distribution  obtained  for  the  configuration  of  24 
fiber.  It  is  noticed  that  the  distribution  fits  very  well  the 
theoretically  predicted  Maxwellian  distribution  (,9’20l 


4.  Result  and  Discussion 

Figures  2  and  3  shows  the  probability  density  function  obtained 
by  Monte  Carlo’s  method  for  two  links  comprised  of  10  and  200 
cable  sections,  respectively.  The  simulation  results  were  obtained 
using  the  experimental  PMD  parameters  for  optical  cables  with 
24, 72,  96  and  144  fibers.  These  figures  show  the  influence  of  the 
number  of  sections  on  the  density  function.  It  is  clearly  observed 
that  the  increase  of  the  link  length  results  on  the  reduction  of  the 
dispersion  of  all  PMD  coefficient  distribution  curves.  From 
theory,  the  maximum  PMD  coefficient  of  the  link,  XQ,  is  defined 
as  the  first  value  of  Xn  that  satisfies  the  condition  cm  >  1  —  Q. 
This  means  that  if  the  curves  became  narrower  with  the  increase 
of  the  cable  sections,  the  result  for  the  maximum  PMD  coefficient 
parameter  on  the  link  may  be  strongly  influenced  by  the  number 
of  cable  section  considered  on  the  numerical  simulation.  From  a 
practical  point  of  view,  the  fact  of  having  long-distance  fiber  link 
implies,  statistically,  that  the  maximum  PMD  coefficient 
estimated  will  be  smaller  than  the  short-distance  fiber  link  one. 
For  example,  the  PMD  coefficient  distribution  curve  for  a 
hypothetical  cable  links  comprised  of  10  (corresponding  to  50 
km)  and  200  cable  (1000  km)  sections  using  72  fibers,  gives 
values  for  maximum  PMD  coefficient  of  0.077  and  0.058  ps/V 
km,  respectively. 


Fig.1  -  PMD  distribution  obtained  from  a  loose 
tube  optical  cable  -  24  fibers 


Table  1  .  Experimental  values  of  the  PMD 
coefficient  (ps/Vkm) 


24  fibers 

72  fibers 

96  fibers 

1 44  fibers 

Average 

0,065 

0,04974 

0,06356 

0,06321 

Maximum 

0,196 

0,102 

0,126 

0,101 

Minimum 

0,037 

0,022 

0,049 

0,045 

Probability  Densities  for 


Fig.  02  -PMD  coefficients  distribution  calculated 
by  Monte  Carlo  method  for  a  concatenated  link 
comprised  of  10  cable  sections  (50  km). 
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Link:  10  cable  sections;  24  fibers  cable 


Probability  densities  for 


Fig.  03  -  PMD  coefficients  distribution  calculated 
by  Monte  Carlo  method  for  a  concatenated  link 
comprised  of  200  cable  sections  (1000  km). 

Figure  4  shows  the  distribution  curves  using  Monte  Carlo  and 
Gamma  Model  for  a  link  comprised  by  10  cable  sections.  The 
result  of  the  numerical  simulation  shows  a  significant  discrepancy 
between  the  methods,  especially  for  the  maximum  likelihood 
method.  If  the  number  of  cable  section  are  added  to  the  total  link, 
it  is  observed  again  a  reduction  of  the  dispersion  between  the 
distribution  curves.  For  a  link  comprised  of  50  cable  sections,  the 
mean  values  for  all  curves  stars  to  converge  to  the  same  value  as 
shown  in  fig.  5. 

Increasing  the  number  of  cable  sections  to  200,  the  results 
obtained  by  Monte  Carlo  and  moment  technique  have  almost 
identical  distribution  curves,  as  shown  in  figure  6.  This  result 
evidences  a  fundamental  result  of  statistics,  expressed  by  the 
Central  Limit  Theorem.  This  theorem  affirms  that  different 
distributions  tend  to  a  normal  distribution  (gaussian)  when  the 
number  of  points  tends  to  infinite1143.  The  numerical  simulation 
shows  also  that  for  the  maximum  likelihood  method,  the 
convergence  to  normal  distribution  is  not  so  fast  than  the  others 
two  methods.  The  most  important  is  that  the  maximum  value  of 
the  PMD  coefficient  is  very  close  to  the  estimated  by  the  other 
two  methods. 


Fig.  04  -  PMD  distribution  coefficients  using 
Monte  Carlo  and  Gamma  Function  methods,  for  a 
concatenated  link  of  50  sections  (250km)  using  a 
loose  tube  optical  cable  -  24  fibers 


Link:  50  cable  sections;  24  fibers  cable 


Fig.  05  -  PMD  distribution  coefficients  using 
Monte  Carlo  and  Gamma  Function  methods,  for  a 
concatenated  link  of  50  sections  (250km)  using  a 
loose  tube  optical  cable  -  24  fibers 
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Link:  200  cable  sections;  24  fibers  cable  configuration 


PMD  Coefficient  [ps/sqrt(km)] 


Fig.  06  -  PMD  distribution  coefficients  using 
Monte  Carlo  and  Gamma  Function  methods,  for  a 
concatenated  link  of  200  sections  (1000km)  using 
a  loose  tube  optical  cable  —  24  fibers 

For  the  72  fibers  cable  configuration,  the  PMD  coefficient 
distribution  curves  obtained  were  almost  identical,  even 
considering  a  concatenated  link  comprised  by  a  small  number  of 
cable  sections.  This  is  an  indication  that  the  final  PMD  coefficient 
distribution  function  has  a  strong  dependence  on  the  individuals 
PMD  coefficients  used  on  the  simulation.  The  results  are  shown 
in  Fig.  7. 

Figure  08  shows  the  distribution  of  PMD  coefficients  for  a  link 
comprised  of  200  cable  sections.  It  is  observed  again  that  the 
dispersion  of  the  distribution  decreases  with  the  increase  of  the 
number  of  cable  sections.  This  result  can  be  associated  with  a 
higher  frequency  of  optical  power  coupling  among  the 
propagation  modes  along  the  space,  inducing  an  equalization  of 
the  observed  delays  between  the  polarization  modes. 

Fig.  09  shows  the  behavior  of  maximum  admissible  PMD 
coefficient  Xq,  calculated  as  a  function  of  the  number  of  cable 
sections  N.  The  calculus  was  made  considering  a  value  of  Q  equal 
to  1C4.  The  results  showed  clearly  the  dependence  of  the  methods 
with  the  number  of  the  cable  section  considered  in  the  numerical 
simulation.  For  a  link  with  length  below  100  Km,  the  maximum 
admissible  PMD  coefficient  value  differs  reasonably  from  method 
to  method.  For  example,  the  maximum  PMD  obtained  by  using 
central  limit  technique  is  approximately  40  %  higher  than  the 
value  obtained  by  using  the  maximum  likelihood  method.  For  N  > 
20  it  is  observed  a  fast  convergence  for  a  low  value  with  the 
Monte  Carlo,  Maximum  likelihood  and  Moment  method.  For  the 
Generalized  Central  limit  method,  this  convergence  is  smoother. 
Finally,  if  N  tends  to  infinite,  the  maximum  PMD  converges  to 
the  same  value,  no  matter  which  method  has  been  applied.  Table 


2  summarizes  the  values  of  Xq,  calculated  considering  a  link  with 
N  =  20  and  with  probability  of  IQ-4  to  exceed  this  limit. 


Link:  10  cable  sections;  72  fibers  cable 


Fig.  07  -PMD  distribution  coefficients  using 
Monte  Carlo  and  Gamma  Function  methods,  for  a 
concatenated  link  of  10  sections  (50km)  using  a 
loose  tube  optical  cable  -  72  fibers 


Link:  200  cable  sections;  72  fibers  cable 


Fig.  08  -  PMD  distribution  coefficients  using 
Monte  Carlo  and  Gamma  Function  methods,  for  a 
concatenated  link  of  200  sections  (1000km)  using 
a  loose  tube  optical  cable  -  72  fibers 
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Tab  2.  Values  of  Xq  for  a  link  comprised  of  20 
cable  sections _ 


Method 

Maximum  admissible 

PMD  Coefficient  Xq  Q  =  10-4 

Monte  Carlo 

0,105294 

Gama  Function 

0,106144 

CentralLimit  Theorem 

0, 106415 

Number  of  Cable  Sections 


Fig.  09  -  Maximum  admissible  PMD  coefficient  as 
function  of  the  number  of  cable  sections 
calculated  by  using  different  models. 

In  order  to  access  the  impact  of  the  maximum  PMD  coefficient  in 
the  performance  of  an  optical  communication  system,  it  is 
necessary  to  associate  this  parameter  with  the  maximum  link 
length  and  bit  rate.  This  can  be  done  by  defining  a  small  value  of 
probability,  from  which  the  enlargement  of  the  pulse  inside  of  the 
bit  slot,  provoked  by  the  polarization  mode  dispersion  (maximum 
admissible  PMD  coefficient),  would  not  degrade  the  performance 
of  the  system.  This  probability  is  expressed  as  [12] 


BMLmax 


Lmax  = 


1000 .fa.  2 

( — —r 

B.Xmax 


(17) 


and  fa  represents  the  tolerance  for  temporal  enlarging  of  the  pulse, 
inside  the  bit  slot. 

Figure  10  shows  the  behavior  of  the  maximum  link  length,  as 
function  of  XQ,  without  taking  into  account  the  effect  of 
chromatic  dispersion  of  the  fiber  (that  is,  the  chromatic  dispersion 
have  to  be  null  or  previously  compensated).  The  simulation  was 
realized  with  rates  of  10  and  40  Gb/s,  considering  a  tolerance,  fa, 
between  10  and  15%  of  the  temporal  enlarging  of  the  pulse  inside 
the  bit  slot.  The  results  show,  as  expected,  a  strong  dependence 
of  the  PMD  with  bit  rate  and  the  maximum  transmission  distance. 
For  40  Gbit/sec  optical  system,  we  have  a  dramatic  reduction  of 
link  length,  even  using  newer  low-PMD  fibers. 


- B=10Gbits/s  to!erance=l  0%  mediumDGD=l,25ps 

- B=40Gbits/s  tolerance^!  5%  mediumDGIMJSps 


0.00  0.05  0.10  0.1  5  0.20  0.25 


Maximum  Admissible  PMD  Coefficient  [ps/raiz(km)] 

Fig.  10  -  Maximum  length  of  a  link,  in  function  of 
bit  rates 

5.0  Conclusion 

Through  the  use  of  different  statistical  models,  it  was  possible  to 
build  distribution  functions  for  the  PMD  coefficient  of  links, 
starting  from  data  obtained  experimentally  in  cables  with  length 
of  5  km  in  the  tube  loose  configuration.  The  results  showed  that 
from  a  certain  number  of  sections  (N  >  20)  the  maximum 
admissible  PMD  coefficient  converges  to  a  fixed  value,  and  do 
not  depend  on  the  statistical  model  employed.  However,  results 
obtained  for  N  <  10  showed  a  reasonable  variation  in  the 
estimated  values.  It  was  observed  a  heavy  dependence  of  the 
PMD  coefficient  on  the  bit  rate.  The  increase  of  the  transmission 
rate  (>  40  Gb/s)  implied  a  significant  reduction  of  the  link  length, 
when  the  system  is  not  compensated.  This  reduction  shows  the 
need  for  compensation  of  the  PMD  phenomenon,  operating  at 
high  bit  rates. 
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Abstract 

The  articles,  up  to  now,  mention  that  the  PMD  value  quantification 
due  to  concatenation  of  some  spliced  fibers  into  laboratory  is 
slightly  higher  than  the  measured  value  of  this  supposed  link. 
Another  point  discussed  in  these  articles  is  the  link  PMD 
characterization  where  the  maximum  limit  is  obtained  by  statistical 
analysis  considering  PMD  as  stochastic  attribute  []].  In  this  paper 
we  present  the  analysis  determining  the  real  differences  between 
these  mentioned  methods,  taking  into  consideration  a  great  data  base 
based  on  measured  values  of  two  backbones,  under  securely  known 
conditions. 

Keywords 

Optical  Fiber;  Polarization  Mode  Dispersion  Coefficient; 
Concatenation  by  Quadrature  Average;  Monte  Carlo  Technique; 
Measurements,  As-Built. 

1-  Introduction 

Intelig  is  a  new  carrier  company  in  Brazil,  set  up  after  privatization 
of  Telecommunication  market.  Since  1999  more  than  15.000  km  of 
optical  fiber  cables  were  deployed  in  backbones  and  metropolitan 
networks  located  in  the  ten  most  important  cities.  During  the 
implementation  of  these  backbones  from  1999  to  2001,  the 
evaluation  of  the  links  characteristics  as  attenuation,  chromatic 
dispersion  and  PMD  was  done  intensively  in  order  to  guarantee  the 
backbones  performance  for  higher  hierarchies  and  accumulating 
information  for  further  implementations. 

This  paper  is  centered  on  the  PMD  evaluation  due  to  the  absence  of 
a  PMD  compensation  method,  differently  from  chromatic  dispersion 
that  can  be  corrected  by  adding  dispersion-compensator  modules  as 
Bragg  grating,  DCF  fiber  etc. 

This  concern  regards  to  the  fact  that  at  10  Gbit/sec,  PMD  is  a 
problem  only  for  long-haul  systems,  while  at  40  Gbit/sec,  PMD  can 
become  a  significant  issue  for  metro/regional  systems  as  well  [2]. 

There  is  a  leak  of  historical  information  from  the  PMD 
characteristics  of  backbones  that  had  been  deployed  previously  and 
either  we  can’t  find  studies  comparing  PMD  values  obtained  by 
calculus  with  field  measurements.  Intelig  was  the  first  telecom 
company  that  evaluated  PMD  characteristics  of  its  backbones  with 
real  data,  requiring  the  PMD  measurements  from  its  suppliers. 

It  is  known  that  the  averaging  process  arising  from  concatenation  of 
cables  leads  to  a  link  PMD  coefficient  value  lower  than  the 


individual  cable  PMD  coefficient  value  [5].  The  question  is:  What 
is  the  real  difference  between  the  backbones  links  PMD  values  and 
the  fiber  PMD  values  after  cabling? 

In  this  paper  we  will  show  the  results  obtained  evaluating  two 
different  backbones:  565  Km  and  1650  Km  long. 

2.  Deployment  Conditions 

2.1  Infrastructure  Specifications 

The  bulk  of  backbones  were  deployed  along  the  railroads,  including 
the  two  mentioned  above.  The  infrastructure  specification  as  trench 
depth  and  wide,  type  of  ducts  (inner  and  outer  diameter),  splice  box, 
manholes,  etc.  was  exactly  the  same  for  all  backbones. 

2.2  Optical  Fiber  and  Cable  Specification 

In  the  same  way  the  optical  fiber  and  cable  specification  were  the 
same  for  all  backbones.  The  optical  cable  used  was  Single  Jacket 
Loose  tube  for  duct  application  [3]  with  72  and  48  single  mode 
fibers  [4]. 

3.  Calculus  Methodology 

The  PMD  value  specified  for  each  link  was  0,2  ps/Kml/2. 

There  are  two  methods  for  statically  quantifying  a  PMD  link 
according  to  the  EIA/TIA  [5],  Method  1  defines  the  statistical 
PMD  performance  of  a  distribution  of  fibers  in  a  link  providing  a 
statistical  upper  bound  (PMD  link  value).  This  upper  bound 
provides  a  more  realistic  indication  of  maximum  PMD  likely  to 
be  encountered  in  a  concatenated  link.  The  second  method  is 
expressed  in  terms  of  a  maximum  DGD  value,  and  the  probability 
that  a  DGD  on  a  given  link  and  wavelength  exceeds  this 
maximum. 

We  used  Method  1  for  this  study  because  it  is  recommended  for 
the  fiber  and  cable  manufactures,  systems  sellers  and  end  users. 

Additionally  to  method  1,  the  data  were  analysed  by  the 
concatenation  by  quadrature  average,  taking  into  account  the  As- 
Built  information  of  cables  deployment  along  the  routes. 

3.1  Concatenation  by  Quadrature  Average 

According  to  the  TIA/EIA-TSB107,  the  PMD  value  of  a  link  is 
given  by  the  square  root  of  the  sum  of  squares  of  the  PMD  values 
of  the  cable  sections  that  are  used  to  make  the  link.  This  leads  to  a 
similar  relationship  between  the  link  PMD  coefficient  and  the 
cable  section  PMD  coefficients. 

The  quadrature  total  yielding  dlink  is: 
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(4) 


d/ink 


=(iU2)i/2 


(1) 


The  relationship  of  link  PMD  coefficient,  d^nnk,  to  cable  section 
PMD  coefficients,  dc_j,  is  then: 

delink.  L,ink,/2=  (I  ^i2.Li)1/2  (2) 

1=1 


If  one  assumes  that  all  cable  section  lengths  are  less  than  some 
common  value,  Lcab  and,  simultaneously  reducing  the  number  of 
assumed  cable  sections  to  M=Ljjn|f/Lcab  then: 


M  M 

dM  <  (  Lcab/L,ink  .  14  2)1/2  =  (1/M.E  dc,  2)m  (3) 

Where:  dlink=  PMD  ofthe  link 

di  =  PMD  value  of  N  cable  sections 
dc-iink  ~  PMD  coefficient  of  the  link 
Lunk  =  Link  length 

dc_i  =  Cable  section  PMD  coefficient 
L[  =  Cable  section  length 

M  =  Number  of  equal  length  cable  sections  comprising 
the  link 

The  concatenation  by  quadrature  average  (equation  3)  of  the 
backbones  was  performed  by  taking  the  As-Built  information  into 
account  and  each  cable  section  used  in  each  of  the  links  of  these 
two  backbones. 

The  cable  manufactures  measured  the  fiber  PMD  coefficient  after 
cabling  according  to  a  sample  criteria,  adopted  in  order  to  permit 
the  evaluation  by  concatenation  by  quadrature  and  after  the  cables 
deployment  permits  the  comparison  with  the  field  measurements. 


3.2  Monte  Carlo  Technique  according  to  Method  1 
by  TIA/EI A  -  TSB1 07 

According  to  this  method,  we  used  the  PMD  coefficients  of  the 
fibers  measured  by  the  manufactures  after  cabling  to  calculate  the 
PMD  coefficient  for  a  single  fiber  path  in  a  concatenated  link. 

The  PMD  link  coefficient  was  calculated  by  a  routine  selecting 
randomly  M  values  from  the  measured  individual  fiber  PMD 
coefficients,  and  performs  the  quadrature  average  according  to 
equation  3  to  create  one  random  link.  The  calculating  process  of 
link  PMD  coefficient  was  repeated  K=  100,000  times  to  create  K 
random  link  coefficient  values.  The  values  were  placed  in  a  high 
resolution  histogram.  The  minimum  values  of  K  is  given  in  terms 
of  Q: 


K>  10/Q 

Number  of  interactions:  100.000 
Q=small  probability  value,  were  for  Q=100ppm,  PMDQ  is  the 
99,99%of  the  link  PMD  coefficients. 

The  cumulative  probability  function  was  computed  as: 

m 

Cm  =  Zpk 

K=1 

The  value  of  PMDQ  is  the  first  value,  dc-m,  at  which  Cm  >  1-Q. 
The  typical  link  created  for  backbone  A  was  L=  110  Km,  Cable 
section  lengths  =  5,5  Km. 

The  typical  link  created  for  backbone  B  was  L=  120  Km,  cable 
section  lengths  =  8  Km. 

4.  Field  Measurements 

The  links  of  each  backbone  were  measured  in  order  to  compare  the 
theoretical  values  obtained  by  two  evaluations  mentioned  previously 
in  item  3  with  the  field  measurements. 

The  equipment  used  was  based  on  the  interferometer  methodology 
[6]' 

The  fibers  path  was  measured  according  to  the  same  sample  criteria 
adopted  to  permit  the  evaluation  by  concatenation  by  quadrature 
average. 

The  values  obtained  of  each  fiber  path  are  an  average  of  three 
measurements  that  were  done  consecutively. 

In  order  to  check  the  repetitiveness  of  results,  some  of  the  fibers 
were  measured  some  time  later  and  the  results  were  confirmed. 

5.  Data  Evaluation  -  Graphics 
5.1  Backbone  A  Evaluation 

This  Backbone  is  composed  by  6  links.  The  optical  cables  drums 
came  from  the  same  manufacturer  that  used  its  own  optical  fiber. 
Taking  aleatory  values  of  the  fiber  PMD  coefficients  measured 
after  cabling  (Figure  1)  and  using  a  routine  to  calculate  the  link 
PMD  coefficient  (PMDq)  by  Monte  Carlo  technique,  it  was  found 
out  0,076  ps/km1'2  as  result.  All  the  fiber  paths  of  these  6  links 
might  have  99,99%  probability  of  being  bellow  this  value. 
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Figure  1.  Distribution  of  do.;  from  Manufacturer  A 


Internationa!  Wire  &  Cable  Symposium 


663 


Proceedings  of  the  51st  IWCS 


The  concatenated  value  is  valid  for  each  individual  fiber  path 
unlikely  the  PMDQ  value  that  is  valid  for  all  fiber  paths  of  all  links. 

Figure  2  shows  Link  1  graphic,  which  is  representative  of  all  links 
of  this  backbone  because  all  links  presented  the  same  behaviour. 

We  can  observe  that  the  value  obtained  from  the  concatenation 
(de  link)  was  about  1 50%  superior  to  the  measured  value  of  each  fiber 


^►—Concatenated  Specified  —♦—Measured  —♦—Monte  Carlo 

path.  The  PMDQ  result  by  Monte  Carlo  presented  a  value  about 
200%  higher  than  the  measured  value. 

We  can  conclude  that  the  average  difference  between  the  PMDq 
value  and  the  concatenated  value  (dc_,ink)  is  around  50%  for  all  links. 

Figure  2.  Link  1  (74,56  km)  from  Backbone  A 

The  PMD  coefficient  measured  in  the  fiber  paths  in  this  link  is 
around  0,02  ps/km1'2.  In  all  the  other  links  this  result  was  the 
same. 

Considering  the  maximum  allowed  PMD  value  as  one-tenth  of  the 
bit  period  for  non-impairments  system  performance  [7,  8,  9]  and 
taking  the  results  exposed  above  we  could  guarantee  that  this 
585  Km  backbone  could  support  40Gbps  bit  rate. 

5.2  Backbone  B  Evaluation 

This  Backbone  is  composed  by  16  links  and  2  regenerations.  The 
optical  cables  drums  came  from  two  different  manufacturers,  B 
and  C  that  used  their  own  optical  fiber.  The  procedures  to 
calculate  the  PMD  coefficients  by  Monte  Carlo  and  by 
Concatenation  of  this  backbone  were  the  same  adopted  in 
backbone  A. 

We  chose  random  values  of  the  fiber  PMD  coefficients  measured 
after  cabling  from  the  two  manufactures  B  and  C1  (figure  3  and  4 
respectively)  and  using  a  routine  to  calculate  the  link  PMD 
coefficient  (PMDQ).  It  was  found  out  0,1 19  ps/km1'2  as  a  result. 
All  the  fiber  paths  of  these  16  links  would  have  99,99% 
probability  of  being  bellow  this  value. 

The  concatenated  value  is  valid  for  each  individual  fiber  path 
unlikely  die  PMDq  value  that  is  valid  for  all  fiber  paths  of  all  links. 


The  manufacturer  C  performed  larger  sampling  than  the  officially  one 
requested  by  Intelig. 


Figure  3.  Distribution  of  dc  i  from  Manufacturer  B 
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Figure  4.  Distribution  of  dc.j  from  Manufacturer  C 

This  backbone  evaluation  can  be  classified  in  two  different 
reference  patterns  accordingly  to  the  PMD  link  coefficient 
behaviour  (see  figures  5  and  6).  These  patterns  are  related  to  the 
differences  between  the  concatenated  and  measured  values 
compared  with  the  value  obtained  by  the  Monte  Carlo  technique. 

In  case  of  first  pattern  link  (figure  5),  the  fibers  used  are  from 
manufacturer  B.  This  manufacturer  has  presented  non-uniformity 
in  the  concatenated  values  but  the  average  value  is  similar  to  link 
1  backbone  A. 


—•—Concatenated  Specified  _*_M  easured  .  ♦  M  onte  Carb 


Figure  5.  Link  2  (108  km)  from  Backbone  B 
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Beyond  the  non-uniformity  of  individual  PMD  values  reflected  in 
the  measured  link  PMD,  probably  there  was  a  residual  stress  after 
installation.  This  residual  stress  kept  and,  in  some  cases, 
amplified  this  result  probably  due  to  the  association  of  cable 
design,  process  control  and  optical  fiber  used. 

In  case  of  second  pattern  link  (figure  6),  it  was  used  fibers  from 
manufacturer  C.  This  pattern  presented  the  same  behaviour  as  link 
1  (backbone  A)  in  terms  of  measured  and  concatenated  results. 

We  can  observe  that  the  value  obtained  through  concatenation 
(delink)  fixed  around  80%  superior  than  the  measured  value  of  each 
fiber  path.  This  difference  shows  that  probably  this  manufacturer 
presented  low  stress  in  the  fibers  just  after  cabling. 


1  2  3  4  5  6  7  B  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24 

Fiber 

Concatenated  — *—  Specified  — * — M  easuied  — • — M  onto  Carlo 

Figure  6.  Link  3  (120  km)  from  Backbone  B 

About  Monte  Carlo  result  certain  analysis  about  difference  between 
concatenation  and  measured  values  can  be  plotted.  Monte  Carlo 
value  was  obtained  taking  values  from  those  two  manufacturers  B 
and  C,  but  the  second  pattern  behaviour  is  related  to  manufacturer  C 
where  d^  presented  lower  steps  than  manufacturer  B.  So  Monte 
Carlo  value  was  over-estimated  for  links  that  follow  this  pattern. 

An  analysis  that  should  be  considered  for  all  links  is  about  lower 
measured  PMD  in  comparison  with  concatenation  and  Monte 
Carlo  results.  Beyond  the  concatenation,  in  fact  the  measurement 
of  PMD  after  cabling  is  done  while  optical  cable  was  wounded  in 
the  bobbin.  This  leads  to  an  extra  stress  point.  After  cable 
deployment  the  stress  points  relaxed  reducing  the  optical  fiber 
PMD. 

Another  explanation  relates  to  a  certain  DGD  values  measured  by 
manufacturer  were  out  of  dynamic  range  of  the  used  equipment. 
When  the  equipment  software  calculates  the  PMD,  some  penalty 
was  imputed  and  the  values  were  fixed  in  the  lower  possible  value 
of  equipment. 

Finally  the  higher  variations  between  calculated  and  measured 
values  occurred,  mainly  in  the  fiber  paths  with  lower  measured 
values,  reinforcing  that  previous  explanation. 


6.  Conclusions 

For  first  time  all  three  values  were  compared:  the  PMD  fiber 
measured  value  vs.  the  concatenated  by  quadrature  average  value 
vs.  the  obtained  value  through  Monte  Carlo  technique. 

It  was  possible  to  quantify  the  differences  between  real  values, 
field  measurements,  with  theoretical  values. 

It  was  proved  that  the  Monte  Carlo  technique  used  to  determine 
the  PMD  coefficient  is  around  2,5  times  higher,  in  the  majority,  if 
compared  with  measured  values. 

Due  to  the  fibers  state  of  art  and  the  optical  cables  project  control 
a  40  Gbps  per  channel  is  possible. 
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Abstract 

This  paper  presents  a  characterization  of  PMD  parameter  in 
optical  cable  links  under  thermal  cycle  using  conventional  Single- 
Mode  Fiber  (SMF-G.652)  and  Non-Zero  Dispersion  Shifted  Fiber 
(NZDF-G.655).  The  expected  PMD  value  for  the  link  comprised 
NZDF-G.655  exhibits  a  much  larger  variation  than  the  results 
obtained  with  the  link  SMF-G.652.  Measurement  of  the  cable 
links  after  the  end  of  the  thermal  cycle  shows  that  the  expected 
PMD  value  remains  almost  the  same  to  the  value  measured  at  the 
beginning  of  the  experiment,  especially  for  the  link  comprised  of 
SMF-G.652  fibers.  From  the  practical  point  of  view  this  results 
are  very  important,  since  than  as  the  thermal  cycle  represent 
conditions  that  affect  the  optical  cable  during  its  lifetime,  this 
means  that  the  system  designer  may  consider  the  initial  expected 
PMD  values  without  significant  modification  of  the  PMD 
distribution  during  cable’s  lifetime. 


Keywords 

PMD  Coefficient;  Optical  Link;  Optical  Fiber;  Temperature  Cycle 

1.  Introduction 

Polarization-Mode  Dispersion  (PMD)  is  considered  to  be  the 
limiting  mechanism  in  high-capacity  single-mode  fiber-optic 
transmission  systems  when  chromatic  and  waveguide  dispersion 
effects  are  compensated  for^.  In  an  ideal  single-mode  fiber  the 
fundamental  mode  is  indeed  split  into  two  polarization  modes  that 
propagate  with  the  same  group  velocity  along  perpendicular  axes. 
The  dispersion  of  the  polarization  modes  arises  when  circular 
symmetry  is  broken  by  the  presence  of  an  elliptical  core  or  by 
non-circular  symmetric  stresses,  which  are  induced  during  the 
fiber  drawing  and  packaging  process.  Therefore,  from  the 
practical  point  of  view,  it  is  imperative  that  optical  cable 
manufacturers  be  able  to  guarantee  a  low  PMD  in  their  products. 
As  the  PMD  value  of  a  single  piece  of  cable  provides  only  a 
limited  insight  into  the  phenomenon,  one  should  take  into 
consideration  the  variation  of  the  PMD  in  an  optical  cable  link  as 
a  whole.  This  approach  allows  manufacturers,  in  a  feedback 
process,  to  optimize  all  parameters  and  improve  design  and 


fabrication  conditions.  It  has  been  demonstrated  that  a  variation  in 
the  temperature  leads  to  a  fluctuation  in  PMD  and  that  the  rate  of 
fluctuation  follows  the  rate  of  temperature  change [2]. 

In  this  paper  we  present  results  concerning  the  behavior  of  PMD 
coefficient  associated  with  a  thermal  cycle  using  two  types  of 
optical  fiber.  The  idea  is  to  simulate  strong  temperature  changes 
that  may  occur  during  the  optical  cable  lifetime.  In  order  to 
simulate  as  near  as  possible  a  fiber-optic  transmission  system,  we 
built  two  optical  links  comprised  of  Standard  Single-Mode  Fiber 
(SMF-G.652)  and  Non-Zero  Dispersion  Shifted  Fiber  (NZDF- 
G.655)  for  thermal  analysis.  The  experimental  links  data  were 
also  compared  with  the  statistical  analysis  based  on  PMD 
distribution  generated  from  the  individual  PMD  coefficients 
cabled  fibers. 

2.  Cable  Design 

In  order  to  experimentally  simulate  the  dependence  of  PMD  in 
function  of  the  temperature  changes  in  a  link  comprised  of  N 
cable  sections,  we  use  an  underground  in  duct  loose  tube  cable 
with  SMF-G.652  and  NZDF-G.655  optical  fiber.  Table  1 
summarized  the  principal  parameters  of  the  cable  used  in  this 
study.  The  use  of  different  types  of  fibers  in  the  same  cable 
structure  allowed  us  to  induce  the  same  mechanical  stress  along 
the  entire  fiber  length.  With  this  experimental  procedure,  we 
expected  that  the  PMD  variation  associated  with  mechanical 
effects  are  equivalent  for  both  types  of  fibers  inside  the  cable, 
since  it  is  well  known  that  the  variation  on  the  birefringence  in 
cabled  fibers  is  strongly  dependent  on  the  cable  design[3l 


Table  1-  Cable  Parameters 


Design 

Loose  Tube  Optical  Cable 

Fiber 

SMF-G.652  I  NZDF-G.655 

Outer  diameter 

11.2  mm 

Number  of  tube 

2 

2 

Fiber  per  tube 

6 

6 

Lay  Length 

80  mm 

Cable  Length 

4.5  km 
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3.  Theory  -  Statistical  analysis 

The  PMD  effect  arises  in  optical  fiber  when  circular  symmetry  is 
broken  by  the  presence  of  an  elliptical  core  or  by  non-circularly 
symmetric  stresses  induced  during  cabling  process.  The  loss  of 
circular  symmetry  removes  the  degeneracy  and  causes  an  intrinsic 
birefringence  resulting  in  the  two  polarization  modes  propagating 
with  different  group  velocities.  Besides,  fibers  are  submitted  to 
tension,  bend,  and  compression  during  the  cabling  process  and 
field  installation.  All  these  mechanisms  induce  a  complex  and 
random  variation  of  the  birefringence.  Consequently,  the  PMD 
should  be  treated  statistically  ’41. 

The  temporal  delay  between  the  two  polarization  modes  at  a 
given  wavelength  is  defined  as  the  Differential  Group  Delay 
(DGD).  This  parameter  is  usually  measured  in  a  picoseconds 
scale  and  it  represents  a  singular  result  of  a  statistical  process.  On 
the  other  hand,  PMD  value  represents  the  expected  values  (mean) 
of  that  same  process.  From  the  practical  point  of  view,  the 
parameter  denominated  PMD  coefficient  is  defined  as  the  PMD 
value  of  a  cable  section  or  link  divided  by  the  square  root  of  its 
length  (ps/V  km).  This  definition  is  consistent  with  results 
observed  experimentally’51.  As  PMD  of  a  long  and  ultra-long 
optical  link  at  a  given  wavelength  change  in  response  to  its 
environment,  this  requires  that  it  be  expressed  not  as  a  single 
number,  but  by  means  of  a  probability  distribution  function’61. 
Two  methods  can  be  used  to  specify  the  characteristics  of  the 
PMD  distribution’71.  This  work  applies  the  method  which  uses  the 
approach  of  the  concatenation  by  quadrature  average,  which  is 
defined  as  the  square  root  of  the  sum  of  squares  of  PMD  values  of 
the  cable  sections  used  to  form  the  optical  link: 


Xn  = 


(1) 


Where: 

N  -  number  of  equal  length  cable  comprising  the  link 

x;  -The  PMD  coefficient  of  fiber  in  an  individual  cable  ( 
ps/sqrt(km)) 

Xn  -  The  PMD  coefficient  of  a  concatenated  link  of  N  cables  ( 
ps/sqrt(kmrequest ) 


4.  Experiments 

The  probability  distribution  of  link  PMD  coefficients  depends  on 
the  distribution  of  the  individual  cable  PMD  values  and  the 
number  of  cable  sections  that  comprise  the  link.  Different 
methods  can  be  applied  to  obtain  the  PMD  coefficients 
distribution.  In  this  paper  we  use  the  Monte  Carlo  method. 

In  order  to  realize  the  numerical  simulation,  PMD  values  for  both 
types  of  fibers  were  measured  on  cabled  fibers  chosen  randomly 
from  manufacture  production  cables  with  the  same  design.  The 
numerical  simulations  were  made  using  100  individual  PMD 
coefficient  values  for  the  SMF-G.652  fiber  and  80  for  the 
NZDF-G.655  fiber.  The  individual  PMD  measurements  were 
made  under  stable  ambient  temperature  conditions,  using  an  AGG 


PMD4000  equipment  with  a  1.55  pm  light  source.  The  statistical 
results  of  the  individual  PMD  coefficients  are  summarized  in 
table  2.  Fig.  1  and  2  shows  the  measured  PMD  coefficients 
distribution  for  the  SMF-G.652  and  NZDF-G.655  fibers 
respectively. 

Table  2.  PMD  coefficient  of  cabled  fibers 


PMD  Coefficient  [ps/sqrt(km)J 


Fig. 2  -  PMD  coefficient  distribution  for 
NZDF-G.655-  cabled  fibers 


Fig-3  -  PMD  coefficient  distribution  for  SMF- 
G.652  cabled  fibers 
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Fig.3  shows  the  probability  density  function,  obtained  by  Monte 
Carlo’s  method  for  the  two  links  comprised  each  of  20  cable 
sections.  The  simulation  was  made  using  the  experimental  PMD 
parameters  described  in  the  fig.l  and  fig.2.  The  difference 
between  the  two  curves  is  associated  with  the  experimental  PMD 
coefficients  used  on  the  simulation.  As  the  SMF-G.652  fiber 
presents  a  more  narrow  curve  distribution  compared  with  NZDF- 
G.655,  the  numerical  results  for  the  maximum  PMD  coefficient  in 
the  link  (probability  of  10‘4  to  exceed  this  value)  comprised  of  this 
type  of  fiber  will  give  PMD  values  smaller  than  for  the  link 
comprised  of  NZDF-G.655  fiber.  The  table  3  summarizes  the 
results  of  the  numerical  simulation. 

Fig.3  -  PMD  coefficient  distribution  for  a  link 
comprised  of  SMF-G.652  and  NZDF-G.655  optical 
fiber 


Table  4.  Summary  of  the  statistics  analysis  of  the 
PMD  parameter  obtained  by  using  Monte  Carlo 
Method 


SMF-G.652 

NZDF-G.655 

Average 

0.04203 

0.05033 

stdev 

0.00423 

0.00617 

Minimum 

0.03190 

0.03520 

Maximum 

0.06320 

0.08235 

Two  links  were  constructed  for  temperature  tests.  Table  4 
summarized  the  optical  link  parameters 


Table  4.  Optical  Link  parameters 


Link 

A 

B 

Type  of  Fiber 

SMF-G.652 

NZDF-G.655 

Number  Cable  section  - 
N 

11 

Total  Length  (km) 

5Z 

1 

Total  Optical  Loss  (dB) 

Kb5 

10,9 

The  links  were  placed  in  a  controlled-temperature  chamber,  which 
were  then  connected  externally  to  an  AGG  PMD4000  equipment 
operating  at  1.55  pm.  Prior  to  beginning  the  thermal  cycle,  the 
PMD  coefficient  of  the  links  were  measured  at  ambient 
temperature  in  order  to  characterize  the  initial  conditions. 

The  temperature  cycling  applied  for  both  links  consisted  of  the 
alternated  steps  of  low-high  temperatures.  Low  temperature  was 
set  at  -40  °C  and  high  temperature  at  +85  °C.  After  the  end  of 
each  step,  the  temperature  was  ramped  linearly  at  44  °C  per 
hours  in  order  to  reach  the  new  temperature  level.  The  total  time 
spent  for  a  complete  temperature  cycle  was  of  the  360  hours.  The 
PMD  measurements  for  each  cycle  were  made  following  the 
sequence:  reference  at  25°C  ,  two  step  of  -40  °C  to  70  °C,  one 
aging  cycle  at  85  °C  during  120  hs,  two  cycle  of  -40  °C  to  70  °C 
and  other  reference  at  25  °C.  Between  the  first  and  second  cycle 
was  made  an  interval  of  one  week  The  PMD  data  were  collected 
only  in  the  last  two  hours  of  each  temperature  step,  allowing  this 
way  the  stabilization  of  the  fibers  inside  the  cable  and  the 
minimization  of  the  mechanical  stress  associated  with  cable 
design.  Hundreds  of  data  were  taken  in  each  step  and  the  PMD 
coefficient  (ps/V  km)  were  calculated  automatically  by  the 
equipment.  After  the  end  of  the  PMD  measurements  in  each 
temperature  step  were  made  also  measurements  of  the  optical  loss 
in  order  to  verify  if  dimensional  changes  in  the  cable  were  stable 
enough  to  guarantee  optical  stability.  After  the  end  of  the  each 
temperature  cycling,  the  PMD  coefficient  of  the  link  was 
measured  again  at  ambient  temperature  in  order  to  correlate 
measured  values  before  and  after  the  experiment 

5.0  Result  and  Discussion 

Figs.  4.a  and  4.b  shows  the  typical  dispersion  of  measured  points 
related  to  each  step  of  the  temperature  cycling.  As  discussed 
before,  the  measurements  were  made  only  after  the  ensemble 
reached  the  isothermal  conditions.  The  660  data  points  plotted  in 
each  figure  represent  testing  performed  over  a  period  of  720 
hours.  The  experimental  results  for  both  links  shows  clearly  the 
stochastic  nature  of  the  PMD  phenomenon.  Fig.5.a  ,  fig.5.b, 
fig.6.a  and  fig6.b  show  the  boxplot  distribution  for  PMD 
coefficient  obtained  using  the  experimental  data  described  in  fig. 
4. a  and  4.b  respectively. 
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The  evolution  of  the  PMD  coefficients  in  the  first  thermal  cycle 
for  the  links  comprised  of  the  two  types  of  fiber  shows  different 
trends.  The  expected  value  of  the  PMD  coefficient  obtained  at 
ambient  temperature  before  the  beginning  the  thermal  cycle  for 
the  SMF-G.652  fiber  was  approximately  0.0156  ps  N  km  and  the 
value  upon  its  completion  was  0.0186  ps  N  km,  which  means  an 
increase  of  about  19%  between  the  values  before  and  after  the 
thermal  cycle.  For  the  link  comprised  of  NZDF-G.655  fibers,  the 
initial  value  of  the  PMD  coefficient  was  approximately  0.0260  ps 
/v  km,  and  after  the  end  of  the  thermal  cycle  was  observed  one 
reduction  of  30  %.  In  this  case,  the  link  showed  a  behavior 
diametrically  opposite  to  the  one  obtained  using  SMF-G.652 
fibers.  Regarding  the  expected  values  during  the  alternated  steps 
of  low-high  temperature,  the  boxplot  distribution  described  in  the 
fig.5.a  and  fig  5.b  for  the  first  cycle  indicates  a  rather  broad 
distribution  for  the  link  comprised  of  NZDF-G.655  and  a  narrow 
distribution  of  PMD  for  the  link  comprised  of  SMF-G.652  fibers 
respectively.  Another  feature  is  that  the  mean  PMD  for  the  link 
NZDF-G.655  exhibits  a  much  larger  variation  than  the  results 
obtained  with  the  link  SMF-G.652.  The  well-behaved 
characteristic  of  the  link  comprised  of  SMF-G.652  fibers,  may 
suggest  that  the  fiber  stress  conditions  inside  the  cable  have  been 
stabilized  and  that  the  smaller  observed  PMD  fluctuation 
compared  with  the  link  NZDF-G.655  can  be  associated  with  the 
small  sensibility  of  the  SMF-G.652  fiber  to  temperature.  As  a 
check,  measurements  made  at  ambient  temperature  one  week  after 
the  completion  of  the  first  thermal  cycle  showed  that  the  PMD 
coefficient  for  the  link  SMF-G.652  is  almost  identical  to  value 
measured  at  the  beginning  of  the  experiment.  Regarding  the 
second  cycle,  the  expected  PMD  values  for  both  links  present  a 
behavior  very  similar  to  the  first  cycle. 

When  compared  with  the  Monte-Carlo  simulation,  was  observed 
that  the  most  of  the  expected  experimental  PMD  values  obtained 
during  the  thermal  cycle  were  below  of  the  minimum  value 
obtained  in  the  numerical  simulation.  The  discrepancies  observed 
between  theoretical  e  experimental  results  is  associated  to  the  fact 
that  the  numerical  algorithm  used  in  the  Monte-Carlo  simulation 
does  not  taking  into  account  the  components  between  the  fiber 
that  present  polarization  dependence  loss'71  On  the  other  hand, 
the  small  values  obtained  experimentally  for  both  links  are 
associated  to  the  high  mode  coupling  present  for  both  types  of 
fibers,  which  equalizes  the  propagation  times  of  the  two 
polarization  mode,  reducing  PMD  value  in  the  optical  link'81. 
Regarding  optical  stability,  the  experimental  results  obtained  by 
monitoring  the  optical  loss  during  the  full  thermal  cycle  showed  a 
cable  design  with  a  very  stable  dimensional  changes .  The  optical 
loss  variation  was  less  than  0.01  dB/km. 

6.  Conclusion 

A  thermal  cycle  consisting  of  low-high  temperature  steps  was 
applied  in  two  different  optical  links.  The  expected  value  of  the 
PMD  coefficient  in  each  step  was  calculated  and  compared  to 
corresponding  values  measured  prior  to  and  after  the  cycle.  The 
expected  PMD  value  for  the  link  comprised  NZDF-G.655 
exhibits  a  much  larger  variation  than  the  results  obtained  with  the 
link  SMF-G.652.  Measurement  of  the  cable  links  a  week  after  the 
end  of  the  first  cycle  shows  that  the  expected  PMD  value  remains 
almost  the  same  to  the  value  measured  at  the  beginning  of  the 


experiment,  especially  for  the  link  comprised  of  SMF-G.652 
fibers. 

As  the  thermal  effects  represent  conditions  that  affect  the  optical 
cable  during  its  lifetime,  the  experimental  results  obtained 
showing  insignificant  PMD  fluctuation  due  to  temperature 
changes  may  have  important  implications  from  the  practical  point 
of  view.  For  example,  the  system  designer  may  consider  the 
initial  expected  PMD  values  without  significant  modification  of 
the  PMD  distribution  during  cable’s  lifetime.  Therefore,  a  link 
can  be  designed  to  accommodate  this  estimated  values  obtained 
from  cable  suppliers  and  ensure  that  the  network  outages  will  be 
less  than  a  few  minutes  per  year. 
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Fig.  4.a  -  Thermal  cycle  diagram  for  a  link  comprised  of  the  NZDF-G.655  optical  fiber.  Dot  line  represents 

PMD  coefficient  and  full  line  shows  temperature 
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Fig.  4.b  -  Thermal  cycle  diagram  for  a  link  comprised  of  the  SMF-G.652  optical  fiber.  Dot  line 
represents  PMD  coefficient  and  full  line  shows  temperature 
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5.a  PMD  statistics  for  a  link  comprised  of  the  SMF-G.652  fiber  obtained  during  the  first  temperature 

cycle 


5.b  PMD  statistics  for  a  link  comprised  of  the  SMF-G.652  fiber  obtained  during  the  second  temperature 

cycle 
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6.a.  PMD  statistics  for  a  link  comprised  of  NZDF-  G655  fiber  obtained  during  the  first  temperature  cycle 


6.b.  PMD  statistics  for  a  link  comprised  of  NZDF-  G655  fiber  obtained  during  the  second  temperature 

cycle 
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Abstract 

In  this  paper,  we  describe  the  temperature  and  humidity 
characteristics  of  polarization  mode  dispersion  (PMD)  in  dispersion 
compensating  fiber  (DCF)  both  experimentally  and  numerically. 

Our  experimental  results  show  that  the  PMD  of  a  test  DCF  tends  to 
increase  with  a  decrease  in  ambient  temperature  or  humidity.  We 
also  study  the  wavelength  dependence  of  the  differential  group 
delay  (DGD)  with  respect  to  temperature  and  humidity.  Moreover, 
we  show  that  the  temperature  and  humidity  characteristics  of  the 
PMD  in  DCF  are  strongly  related  to  strain  variation  between  the 
fiber  coating  and  fiber  glass  by  comparison  with  numerical 
calculation  results. 

Keywords 

Polarization  mode  dispersion;  dispersion  compensating  fiber; 
temperature  dependence;  humidity  dependence;  strain 


1.  Introduction 

In  recent  years,  transmission  capacity  has  increased  rapidly  due  to 
the  introduction  of  various  kinds  of  Internet  service,  and  various 
kinds  of  transmission  system  have  been  proposed  with  the  aim  of 
realizing  even  larger  capacity.  Of  these  proposed  systems,  the 
interest  in  hybrid  transmission  line  has  been  growing  recently  with  a 
view  to  building  a  high  performance  system  for  long-span  high-bit- 
rate  transmission.^  DCF  with  a  large  negative  dispersion  is 
commonly  used  in  hybrid  transmission  line  to  optimize  the 
chromatic  dispersion  and  dispersion  slope. 

In  long  haul  or  high-bit-rate  transmission  systems,  PMD  limits  the 
transmission  capacity,  and  so  has  been  receiving  increasing 
attention.121  Due  to  small  fiber  core  anisotropies  and  residual  strains 
in  single-mode  fibers,  lights  in  orthogonal  polarization  states  appear 
significantly  with  different  group  delays  associated  with  local  fiber 
birefringence.  However,  the  PMD  characteristics  in  existing 
transmission  systems  have  not  been  evaluated  sufficiently  because 
PMD  experiences  the  combined  influence  of  a  variety  of 
environmental  factors. 

The  effects  of  temperature  on  various  transmission  characteristics 
have  been  widely  investigated.  However,  the  temperature  / 


Masaharu  OHASHI 

Osaka  Prefecture  University 
1-1,  Gakuen-cho,  Sakai,  Osaka,  599-8531  JAPAN 
+81-72-254-9255  •  ohashi@uoDmu.ees.osakafu-u.ac.jp 


humidity  dependence  of  PMD  in  an  optical  fiber  has  not  been 
clarified  enough. 151  [6]  In  this  paper,  we  report  the  temperature  and 
humidity  dependence  of  PMD  in  a  DCF  both  experimentally  and 
numerically. 

2.  Temperature  and  Humidity  Dependence 

2.1  Fiber  sample  and  experimental  condition 

The  fiber  sample  we  used  was  4  km  long  and  its  parameters  are 
given  in  Table  1. 

Table  1.  Characteristics  of  the  test  fiber 


Attenuation 

(dB/km) 

Dispersion 

(ps/nm/km) 

Dispersion  Slope 
(ps/nm2/km) 

0.681 

-110.91 

-0.31 

X=1550nm 


The  fiber  sample  was  placed  in  a  thermostatic  chamber.  We 
removed  the  fiber  from  the  bobbin  in  order  to  avoid  the  influence  of 
external  strain  induced  by  the  deformation  of  bobbin  with  changes 
in  ambient  temperature  and  humidity. 

We  used  the  Johns  Matrix  Eigen  (JME)  analysis  method  to  measure 
the  DGD  in  the  1480  to  1570  nm  wavelength  range.  And  the 
measurement  step  was  set  at  1  nm.  This  was  to  ensure  that,  from  one 
test  wavelength  to  the  next,  the  polarization  output  state  rotated  less 
than  180  degrees  about  the  principal  states  axis  of  the  Poincare 
sphere.  The  DGD  was  measured  every  30  minutes  as  a  function  of 
wavelength  and  time. 

2.2  Variation  in  PMD 

Figure  1  shows  the  measured  variations  in  the  PMD  coefficient 
(ps/rkm),  which  corresponds  to  the  average  DGD  for  the  whole 
measurement  wavelength  region,  against  ambient  temperature  with 
a  constant  humidity  of  50%  and  against  humidity  with  a  constant 
temperature  of  20°C.  The  solid  line  shows  the  temperature  or 
humidity  change  in  the  thermostatic  chamber  and  the  open  circles 
show  the  measured  PMD  coefficient. 

From  Fig.  1,  it  is  found  that  the  PMD  coefficient  tends  to  decrease 
with  increases  in  temperature  and  relative  humidity.  The  change  is 
approximately  0.1  ps/rkm  for  a  100°C  temperature  variation  and 
0.03  ps/rkm  for  an  80%  humidity  variation.  Moreover,  we  showed 
that  the  value  of  the  PMD  coefficient  becomes  stable  over  time  after 
a  change  in  the  ambient  conditions,  which  indicates  that  PMD  is 
sensitive  to  temperature  and  humidity. 
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2.3  Statistical  characteristics  of  DGD 

It  is  well  known  that  PMD  has  a  stochastic  attribute  in  that  it 
varies  randomly  with  time,  wavelength,  etc.*71  In  this  work,  we 
investigated  the  statistical  characteristics  of  DGD  by  using  data 
obtained  in  both  temperature  and  humidity  experiments. 

Figures  2  shows  histograms  of  the  DGD  in  relation  to  temperature 
and  humidity,  respectively.  The  white,  gray  and  black  columns 
show  the  measurement  results  at  specified  temperatures  (-30”C, 
20°C  and  70°C),  and  humidity  levels  (20%,  60%  and  100%),’ 
respectively. 

We  found  that  the  peaks  and  distributions  of  the  histograms 
moved  to  the  low  DGD  side  with  increases  in  temperature  or 
humidity.  In  both  cases,  we  superimposed  the  Maxwellian  curve 
on  the  histogram  and  calculated  the  cross-correlation  coefficient 
between  the  Maxwellian  curve  and  the  histogram  for  each 
condition.  The  cross-correlation  coefficients  were  no  more  than 
0.8.  Therefore,  the  DGD  distribution  plots  under  isothermal 
conditions  obtained  as  a  function  of  time  do  not  follow  a 
Maxwellian  function,  which  has  also  been  indicated  by  Hakki.[61 

2.4  Wavelength  dependence  of  DGD 

Figure  3  shows  samples  of  spectra  measured  for  different 
temperatures  and  humidity  conditions.  From  Fig.  3,  it  is  clear  that 
when  the  ambient  temperature  or  humidity  changes,  there  is  a 
change  not  only  in  the  average  DGD  value  over  the  whole 
wavelength  range  but  also  in  the  spectral  characteristics.  This 
implies  that  the  wavelength  dependence  of  DGD  is  also  sensitive 
to  temperature  and  humidity. 


Figure  2.  Histogram  of  DGD  levels  Figure  3.  DGD  wavelength  spectrum 
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We  then  investigated  the  correlation  coefficient  of  the  DGD 
wavelength  spectrum  against  time.  To  do  that,  we  assumed  that  the 
DGD  data  six  hours  after  starting  the  measurement  had  become 
stable  and  treated  it  as  a  reference.  We  calculated  its  correlation 
coefficient  with  all  previous  and  succeeding  DGD  wavelength 
spectra.  The  correlation  coefficient  Cc  was  calculated  using  the 
formula  (1): 

N 

yN  pxi-<rx>)(Tyi-<Ty>) 

C  = - M -  (!) 

°x°y 

where  and  Ty  are  the  two  DGD  wavelength  spectra,  <%>,  <Zy> 
and  <7X,  Gy  are  their  averages  and  standard  deviations,  respectively. 

Figure  4  shows  the  result  of  the  correlativity  calculation.  It  is 
found  that  the  correlation  coefficient  is  high  when  there  are  no 
change  in  the  ambient  temperature  or  humidity  and  it  decreases 
when  the  temperature  or  humidity  changes. 

Based  on  the  result  in  section  2.2,  which  showed  that  the  PMD 
can  remain  stable  when  the  ambient  temperature  and  humidity 
remain  unchanged,  we  can  draw  the  conclusion  that  the  DGD  at  a 
specified  wavelength  would  be  constant  if  the  ambient  condition 
remains  stable. 

It  is  important  to  have  a  clear  grasp  of  DGD’s  wavelength 
dependence  when  one  wants  to  apply  system  operating  at 
different  wavelength  such  as  wavelength  division  multiplexing 
(WDM)  system.  We  then  investigated  the  variation  range  of  the 
DGD  coefficient  at  each  wavelength. 

Figure  5  shows  the  maximum  and  minimum  value  of  DGD  at  each 
wavelength  within  the  experimental  ambient  temperature  and 
humidity  range.  From  Fig.  5,  it  is  found  that  the  maximum  of 
DGD  coefficient  variations  range  at  specified  wavelengths  is 
0.24ps/rkm  with  respect  to  a  100°C  temperature  change  and 
0.09ps/rkm  with  respect  to  an  80%  change  in  relative  humidity. 
Our  result  shows  that  the  DGD  at  a  specified  wavelength  varies 
when  the  ambient  temperature  and  humidity  are  changed. 

Here,  we  assumed  a  320km  long  transmission  line  with  the 
longitudinally  uniformed  DGD  coefficient  of  0.17ps/rkm  at  the 
operating  wavelength.  If  the  transmission  system  applies  non¬ 
return  to  zero  (NRZ)  format  at  a  bit  rate  of  40Gbps,  the  variations 
of  DGD  coefficient  according  to  Fig.  5  correspond  to  the  system 
penalty  variation  of  0.5  dB  with  respect  to  a  100°C  temperature 
change  and  0.2  dB  with  respect  to  an  80%  change  in  relative 
humidity.183  This  shows  that  the  system  performance  strongly 
depends  on  the  ambient  temperature  or  humidity  variation. 
Therefore,  it  is  necessary  to  know  the  characteristics  of  the  DGD 
due  to  ambient  temperature  or  humidity  condition  at  each  operating 
wavelength  for  designing  future  high-bit-rate  WDM  transmission 
system. 


1480  1510  1540  1570 

Wavelength  (nm) 


Figure  5.  DGD  variation  range  for  change 
in  ambient  condition 
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3.  An  examination  of  the  mechanism 

3.1  Calculation  Model 

Strain  anisotropy  in  a  fiber  generally  results  when  noncircular 
regions  of  the  fiber’s  cross-section  have  different  thermal- 
expansion  coefficients.  We  assumed  that  the  fiber  has  an  elliptical 
cladding  structure  and  the  mismatch  between  the  thermal 
expansion  of  the  cladding  and  the  UV  coating  yields  the  strain 
distribution. 

We  assumed  a  fiber  with  an  elliptical  structure  in  which  the 
mismatch  is  given  by  the  product  of  the  difference  between  the 
thermal-expansion  coefficients  ( ac-c $,)  of  the  coating  material 
(ac)  and  the  fiber  glass  (<^)  and  the  temperature  difference  (Th-T) 
between  the  UV  curing  temperature  Th  and  room  temperature  T. 
We  found  that  the  DGD  (At)  of  the  fiber  can  be  calculated  by  the 
following  formula 


iPu-Pn) 


a-b  Ec  [p  +  (ac-aR)(Th-T)} 
a  +  bEg  1-v2 


■n 


3 


(2) 

Here,  L  is  the  length  of  the  bireffingent  fiber,  n  is  the  mean 
refractive  index.  pn  and  pu  are  the  components  of  the  photoelastic 
tensor,  and  En  Eg  are  the  Young’s  moduli  of  the  UV  coating  and  the 
glass,  v  is  Poisson’s  ratio  of  the  fiber  material.  Assumed  to  be 
elastically  homogeneous  throughout  the  fiber,  a  and  b  are  the  semi¬ 
axes  of  the  ellipse  along  the  long  and  short  coordinate  directions, 
respectively.  And  77  represents  the  curing  shrinkage  of  the  UV 
coating  material. 


In  this  work,  we  assume  that  the  fibers,  which  have  random  mode 
coupling  characteristics,  can  be  divided  into  N  segments  as  shown  in 
Fig.  6.  The  fiber  is  assumed  to  be  jointed  with  many  birefringent 
fibers  with  their  birefringent  axes  at  all  possible  angles  and  the 
model  without  mode  coupling  between  polarization  modes."01 


Figure  6.  Calculation  model 


Each  of  the  birefringent  fibers  is  characterized  by  a  local  DGD 
calculated  by  Eq.  2  in  consideration  of  the  material  parameter 
characteristics  in  relation  to  the  ambient  temperature  and 
humidity.  Adjacent  fibers  are  connected  with  axes  of  a  given 
orientation  O',  which  is  assumed  to  be  wavelength  independent. 
Random  coupling  of  polarization  modes  along  the  fiber  is  then 
simulated  by  randomizing  the  elemental  delays  and  rotations.  The 
Jones  matrix  M,  and  the  rotation  matrix  R,  at  the  angular  frequency 
a  corresponding  to  the  /th  (/=  1,2, ...,/V)  element  are  given 
respectively  by 


M  =Uxp(yC7Ar/2)  0  1 

I  0  exp(-yC7Ar/2)J 

R.  =tcosor/  sinor,l  (3) 

| -sin  or,  cos  or,  J 

The  fiber  transfer  matrix  is  then  given  by 

EN=MNRN-M2R2MlR]E0  (4) 

where  Eq  and  Ey  are  the  input  and  output  Jones  vector  respectively. 

We  calculated  the  intensity  distribution  of  the  output  light  where  the 
interference  method  is  simulated.  The  optical  source  is  assumed  to 
have  a  range  of  200  nm  and  a  Gaussian  distribution  is  assumed  for 
the  interference  fringe  to  allow  us  to  calculate  the  PMD  of  the  whole 
fiber. 

3.2  Calculation  result 

A  typical  daily  temperature  variation  was  simulated  here.  The 
simulation  was  performed  with  the  method  described  above  using  a 
100  element  model.  Figure  7  shows  the  experimental  and  numerical 
calculation  results  of  the  PMD  relative  variation  as  well  as  the 
temperature  and  humidity  variation.  The  filled  triangles  indicate  the 
experimental  result  and  the  solid  line  shows  the  numerical 
calculation  result. 


Time  (h) 

Figure  7.  Simulation  result 

From  Fig.  7,  it  is  obvious  that  the  calculation  result  agrees  very  well 
with  the  experimental  result,  which  suggests  that  the  calculation 
model  proposed  here  is  feasible.  We  found  that  the  variation  in  the 
strain  between  the  coating  and  the  fiber  is  one  of  the  important 
factors  which  influent  the  PMD/DGD  dependence  on  temperature 
and  humidity.  In  order  to  limit  the  PMD/DGD  variation  when  the 
ambient  conditions  change,  we  would  choose  proper  fiber 
material  as  well  as  realize  a  perfectly  circular  fiber  cross-section. 
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4.  Conclusions 

We  investigated  the  relationship  between  PMD  variation  and 
ambient  temperature  /  humidity.  Our  results  show  that  the  PMD 
coefficient  tends  to  decrease  with  increases  in  temperature  and 
relative  humidity.  We  also  showed  that,  when  the  ambient 
temperature  or  humidity  changes,  there  is  a  change  not  only  in  the 
PMD  but  also  in  the  characteristics  of  the  DGD  spectrum  as  the 
function  of  wavelength,  which  implies  that  the  DGD  at  a  specified 
wavelength  is  sensitive  to  the  ambient  temperature  and  humidity. 
Moreover  we  proposed  a  numerical  calculation  model  to  explain 
the  PMD  dependence  on  temperature  and  humidity.  The 
simulation  results  showed  that  the  strain  between  the  coating  and 
the  fiber  is  one  of  the  probable  causes. 
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Abstract 

We  have  downsized  and  enhanced  our  original  optical  fiber 
transfer  splicing  system  so  that  it  can  be  applied  to  all  regions  in 
optical  access  networks.  This  paper  describes  methods  for 
applying  this  system  to  aerial  optical  fiber  cables,  where  it  is 
already  used,  to  optical  fiber  cables,  which  are  composed  of 
ribbons  with  different  numbers  of  fibers,  and  to  optical  fiber 
cables  without  optical  fibers  for  synchronous  control.  The 
equipment  was  miniaturized  to  enable  aerial  cable  work  to  be 
undertaken  more  easily.  We  then  added  a  function  that  allows  us 
to  control  the  optical  fiber  CATS  system  synchronously  at  three 
work  sites,  and  to  synchronize  this  system  by  using  a  cellular 
phone.  We  succeeded  in  reducing  the  size  to  about  half  that  of  a 
conventional  device  by  changing  the  switch  movement  from  the 
vertical  to  the  horizontal  direction.  In  addition  we  developed  an 
algorithm  so  that  an  optical  fiber  CATS  system  could  be 
controlled  synchronously  at  three  different  locations.  Moreover, 
the  synchronous  switch  enabled  by  the  cellular  phone  provided 
the  same  accuracy  as  a  synchronous  control  that  uses  optical  fiber 
by  changing  from  the  currently  used  subordination 
synchronization  to  independent  synchronization.  Then,  we 
evaluated  the  performance  of  a  prototype  system,  and  used  it  in  a 
cable  removal  simulation.  As  a  result,  we  confirmed  the  suitability 
of  this  system  for  practical  use. 

Keywords 

Optical  fiber  CATS  system;  MT-connector;  Switching  device; 
Synchronous  control;  Aerial  optical  cable 

1.  Introduction 

NTT  is  constructing  optical  fiber  networks  that  extend  from  trunk 
systems  to  subscriber  systems,  and  today’s  “information  society” 
is  supported  by  these  networks,  which  are  capable  of  transmitting 
vast  amounts  of  data.  When  an  active  route  has  to  be  changed  to 
another  route  in  the  optical  fiber  network  because  of,  for  example, 
road  construction,  the  influence  on  the  service  provided  to  users  is 
difficult  to  estimate.  The  optical  fiber  cable  transfer  splicing 
system  (optical  fiber  CATS  system)  [1][2]  has  been  introduced  in 
these  expanding  optical  fiber  networks  to  minimize  circuit¬ 
releasing  time  and  to  prevent  any  reduction  in  the  service 
provided  to  the  user. 

Figure  1  is  a  diagram  showing  optical  cable  removal  using  the 
optical  fiber  CATS  system.  This  system  is  chiefly  composed  of  a 
switching  device  and  a  controller.  These  two  components  are  set 
up  in  mechanically  transferable  connectors  (MT  connectors)  [3]  in 
the  active  cable,  and  user  side  and  telephone  office  side 
connectors  (hereafter  referred  to  as  transfer  ferrules.)  are  moved  to 
the  connector  of  the  new  cable  (route)  in  synchronization  with  this 
system.  The  transfer  time  is  several  tens  of  milliseconds.  Initially, 
we  only  had  to  assume  that  this  system  would  be  used 
underground  since  this  is  where  most  optical  fiber  cable  is 


installed.  However,  the  following  three  demands  have  been  newly 
imposed  on  optical  fiber  CATS  systems  because  the  use  of  aerial 
optical  fiber  cable  has  increased  in  optical  access  networks.  (1) 
Optical  fiber  CATS  systems  can  be  employed  with  aerial  optical 
fiber  cable.  (2)  Optical  fiber  CATS  systems  can  be  synchronously 
controlled  at  three  different  work  sites.  We  require  synchronous 
transfer  technology  for  three  locations  because  underground  and 
aerial  optical  fiber  cables  are  composed  of  ribbons  with  different 
numbers  of  fibers.  Namely,  when  an  aerial  cable  with  a  4-fiber 
ribbon  structure  is  connected  to  an  underground  cable  with  an  8- 
fiber  ribbon  structure,  the  8-fiber  ribbon  is  divided  into  two  and 
connected  to  two  4-fiber  ribbons.  Synchronous  transfer 
technology  for  a  total  of  three  work  sites  is  needed  where  the 
optical  fiber  cable  facilities  consist  of  one  work  site  on  the  8-fiber 
ribbon  side  and  two  work  sites  on  the  4-fiber  ribbon  side 
(hereafter  referred  to  as  the  distribution  line).  (3)  Optical  fiber 
CATS  systems  can  be  synchronously  controlled  with  a  cellular 
phone.  Because  the  fiber  use  rate  of  aerial  optical  fiber  cable  is 
increasing,  it  is  not  easy  to  use  unemployed  fiber  in  the  aerial 
cable  as  the  synchronous  control  line. 

We  have  therefore  developed  devices  for  this  system  based  on  the 
two  design  concepts  outlined  below  in  order  to  satisfy  the 
requirements  derived  from  ( 1 )  to  (3). 

(i)  The  development  of  safe  equipment  that  does  not  require 
special  skill  to  operate.  (This  concept  corresponds  to  (1).  We 
describe  this  in  section  2.1). 

(ii)  The  development  of  equipment  that  is  compatible  with  the 
current  optical  access  networks  mentioned  above.  (This  concept 
corresponds  to  points  (1)  to  (3).  We  describe  this  in  section  2.2). 

We  then  evaluated  the  performance  of  a  prototype  system,  and 
used  it  in  a  cable  removal  simulation. 


Figure  1.  Cable  removal  using  optical  fiber  CATS 
system 
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2.  Optical  fiber  CATS  system  based  on 

design  concept 

2.1  Safe  and  simple  aerial  work 

In  terms  of  aerial  work,  aerial  equipment  should  be  easy  to  use 
and  smaller  than  equipment  designed  for  ground  use  from  the 
viewpoint  of  safety.  In  this  work,  we  succeeded  in  miniaturizing 
the  switch  device  by  making  the  switch  mechanism  horizontal 
rather  than  vertical  (the  conventional  direction),  and  this  led  to  an 
improvement  in  connector  handling.  Moreover,  the  size  and  shape 
of  the  synchronous  controller  were  examined  taking  into 
consideration  the  narrow  workspace  afforded  by  a  bucket  truck. 
Figure  2  shows  the  conventional  transfer  splicing  mechanism.  The 
conventional  device  shortens  the  stroke  of  the  transferable  ferrule 
(It  is  called  “Ferrule  before  being  fixed”  in  this  figure.)  by  in  that 
the  replacement  ferrule  is  positioned  to  the  right  of  and  below  the 
ferrule  to  be  replaced,  which  is  an  active  ferrule  for  the  purpose  of 
shortening  the  transfer  time.  As  a  result,  a  high-speed  transfer  is 
achieved  by  moving  the  ferrule  holder  vertically.  However,  the 
scale  of  the  device  becomes  large  because  of  the  need  to  house  the 
upper  replaced  ferrule  holder.  Even  worse,  the  work  becomes 
inefficient  because  the  upper  replaced  holder  covers  the  lower 
ferrule. 


•  Housed  ferrule-holder 


Ferrule  before 
being  replaced 


:i  Ferrule-holder  before 
being  replaced 

Ferrule-holder 
before  being  fixed 

Ferrule  before  being  fixed 


Replacement  ferrule-holder  1  Virtual  transfer 

Figure  2.  Conventional  transfer  splicing  mechanism 

Figure  3  shows  our  proposed  transfer  splicing  mechanism.  We 
miniaturized  the  switching  device  and  simplified  the  connector 
handling  by  changing  the  ferrule  movement  from  the  vertical  to 
the  horizontal  direction.  Because  the  simplification  results  from 
the  fact  that  the  upper  ferrule  holder  need  not  be  housed. 

Replacement  ferrule-holder 

\  /v  Horizontal  transfer 


Replacement  ferrule 


Ferrule  before  being  replaced  I  Ferrule  before  being  fixed 


Ferrule-holder  before 
being  replaced 


Ferrule-holder  before 
being  fixed 


Figure  3.  Proposed  transfer  splicing  mechanism 


Figure  4  shows  the  transfer  splicing  procedure  with  the  MT 
connector  in  the  horizontal  direction  that  is  the  subject  of  this 
study  (1)  Pressure  is  applied  to  four  points  on  the  active  connector 
to  keep  the  connection  intact.  (2)  The  clamp  spring,  which 
maintains  the  connection  between  the  ferrules,  is  removed.  (3) 
The  guide  pins  are  pushed  from  the  ferrule  being  replaced  into  the 
ferrule  before  transfer.  (4)  The  unfixed  ferrule  (It  is  called 
“Ferrule  before  being  fixed”  in  this  figure.)  is  moved  so  that  it 
butts  with  the  replacement  ferrule  at  high  speed  as  the  ferrule 
before  being  replaced  is  separated  from  the  unfixed  ferrule.  (5)  At 
this  time,  pressure  is  applied,  fixing  the  previously  unfixed  ferrule 
in  position,  so  that  both  the  now  fixed  ferrule  and  the  replacement 
ferrule  keep  the  connection  intact.  The  guide  pins  on  the  fixed 
ferrule  side  are  inserted  into  the  replacement  ferrule 
simultaneously.  (6)  The  clamp  spring  is  attached  to  the 
replacement  ferrule  and  the  fixed  ferrule  newly  connected.  (7)  The 
pressure  applied  to  the  four  comers  of  the  connector  is  released. 
Steps  (4)  and  (5)  in  this  process  are  executed  at  a  speed  of  tens  of 
milliseconds. 


(1)  Push  both  ends  of  connector  (4)  Transfer  connector 


(7)  Release  pressure 


Replaced  ferrule 


Figure  4.  Transfer  splicing  procedure  of  MT  connector 


Then,  we  designed  a  synchronous  controller  that  could  be  hung  on 
the  sidewall  of  the  bucket  because  of  the  confined  workspace 
afforded  by  the  bucket  truck.  The  battery  is  built  into  this 
synchronous  controller. 


2.2  Suitability  for  current  optical  access  network 
facilities 

Optical  cable  with  a  4-fiber  ribbon  structure  and  optical  cable 
with  an  8-fiber  ribbon  structure  can  be  found  together  in  optical 
access  networks,  and  they  are  connected  by  distribution  lines.  For 


International  Wire  &  Cable  Symposium 


681 


Proceedings  of  the  51st  IWCS 


instance,  it  is  used  to  connect  underground  cable  with  aerial  cable. 
In  this  case,  since  the  8-fiber  ribbon  is  divided  into  two  and 
connected  with  two  4-fiber  ribbons,  one  switching  device 
(henceforth  called  the  master)  is  necessary  in  8-fibcr  ribbon,  and 
two  switching  devices  (hereafter  referred  to  as  slaves)  are 
necessary  in  4-fiber  ribbons.  Moreover,  it  is  assumed  to  be 
impossible  to  secure  a  fiber  for  synchronous  control  since  there 
are  fewer  fibers  in  aerial  optical  fiber  cables  than  in  underground 
optical  fiber  cables  and  optical  service  demand  is  increasing. 
Therefore,  we  need  a  synchronous  control  method  to  replace  that 
using  optical  fiber. 

In  order  to  solve  the  above-mentioned  problem,  we  added  a  function 
to  control  the  optical  fiber  CATS  system  synchronously  at  three 
work  sites,  and  examined  a  method  for  synchronizing  this  system  by 
using  a  cellular  phone.  The  gap  in  the  transfer  timing  caused  by  the 
distance  between  the  work  sites  is  adjusted  on  the  master  device  side 
using  optical  fiber-based  synchronous  control.  Firstly,  the  first 
transfer  signal  is  transmitted  from  the  master  device  to  a  slave 
device.  Next,  the  slave  device  transmits  the  received  signal  to  the 
master  device  side  immediately  upon  receipt  of  the  signal.  The 
switch  has  yet  to  be  operated.  The  master  device  calculates  the 
difference  in  the  transfer  timing  by  using  the  first  transfer  signal  and 
the  received  signal.  Finally,  a  second  transfer  signal  transmitted 
from  the  master  device  to  the  slave,  and  the  slave  device,  which 
receives  this  signal,  executes  the  switch  immediately.  At  this  time, 
the  master  device  retards  only  the  difference  in  the  calculated  switch 
timing,  and  executes  the  transfer.  Here,  we  calculate  the  switch 
timing  in  the  access  network  system.  The  distance  between  work 
sites  is  about  5  km  at  most  in  the  access  network  system.  The  timing 
difference  is  about  0.03  ms,  considering  the  speed  of  light  in  the 
optical  fiber.  Since  this  is  only  about  0.1%  of  the  transfer  time 
(about  25  ms),  this  timing  difference  does  not  greatly  influence  the 
transfer  time.  This  process  is  important  when  the  optical  fiber  CATS 
system  is  applied  to  a  trunk  system  operating  over  a  long  distance 
and  with  a  large  transmission  capacity  because  the  lack  of 
information  caused  by  this  slight  transfer  timing  difference  cannot 
be  disregarded. 

In  contrast,  synchronous  control  realized  by  using  a  cellular 
phone  is  different  from  that  using  optical  fiber  since  the  control 
signal  is  transmitted  and  received  via  public  networks.  The 
difference  in  the  transfer  timing  is  200  ms  or  more  on  average. 
Moreover,  the  dispersion  is  also  large.  Therefore,  the  method  for 
correcting  the  synchronous  control  by  using  an  optical  fiber 


cannot  be  incorporated  in  the  cellular  phone  method.  To 
overcome  this  problem,  we  changed  from  the  currently  used 
subordination  synchronization  to  independent  synchronization. 
That  is,  although  the  transfer  timing  of  the  master  device  has  thus 
far  been  matched  to  that  of  the  slave  device,  we  changed  the  way 
of  adjusting  the  transfer  timing  difference  with  the  master  device 
to  a  method  involving  the  independent  transfer  of  both  devices  in 
absolute  time.  In  fact,  the  number  is  counted  independently  by 
using  an  efficient  quartz  oscillator  installed  in  both  synchronous 
controllers  at  different  work  sites.  The  switch  signal  is  transmitted 
from  the  master  device  to  the  slave  device  and  the  transfer  is 
executed.  As  a  result,  the  transfer  timing  does  not  increase  greatly 
although  the  problem  of  the  synchronous  error  margin-accuracy  of 
the  quartz  oscillator  remains.  In  our  study,  we  used  a  quartz 
oscillator,  which  resulted  in  an  error  margin  of  about  0.01  ms  in  a 
maximum  of  one  hour.  Here,  the  synchronous  error  margin 
reached  a  maximum  value  of  about  0.06  ms  when  assuming  that 
the  optical  fiber  CATS  system  was  used  for  6  hours  a  day.  Since 
this  is  only  about  0.2%  of  the  transfer  time  (about  25  ms),  the 
optical  fiber  CATS  system  provides  a  similar  transfer  performance 
to  synchronous  control  using  optical  fiber. 

3.  Prototypes 

3.1  Functions  and  features 

Figure  5  shows  our  developed  optical  CATS  system.  This  system 
consists  mainly  of  three  components,  that  is,  an  MT  connector 
switching  device,  a  synchronous  controller  and  a  control  panel. 
Table  1  compares  the  main  functions  and  features  of  the 
developed  device  with  those  of  the  conventional  device.  These 
components  are  about  1/4  the  size  of  the  conventional 
components  and  their  total  weight  is  about  12  kg.  This  system  has 
a  function  for  synchronously  transfer  splicing  from  existing  to 
newly  installed  cables  at  three  different  work  sites.  Furthermore, 
we  can  control  the  system  by  using  a  cellular  phone  when  it  is 
impossible  to  employ  a  fiber  for  synchronous  control  during  the 
cable  transfer  splicing  work.  This  system  is  easily  capable  of 
undertaking  transfer  splicing  work  at  aerial  sites,  and  can  also  be 
applied  to  distribution  lines  where  two  aerial  cables  are  connected 
with  4-fiber  ribbon  joints  and  an  underground  cable  with  an  8- 
fiber  ribbon  joint.  With  this  proposed  system,  cable  can  be 
transferred  faultlessly  with  only  a  slight  interruption  to  working 
transmission  systems,  and  circuit  quality  degradation  is  suppressed. 


Table  1.  Main  functions  and  features  of  the  developed  optica]  fiber  CATS  system 


Item 

Developed  optical  fiber  CATS  system 

Conventional  optical  fiber  CATS  system 

Application  region 

Telephone  office,  Underground,  Aerial 

Telephone  office,  Underground 

Application  case 

Synchronous  transfer  at  two  locations. 
Synchronous  transfer  at  three  locations 

Synchronous  transfer  at  two  locations 

Transfer  time 

About  24  ms 

About  22  ms 

Size(Re!ative  comparison) 

About  1/4 

1 

Weight 

About  1 2  kg  /  set 

About  28  kg  /  set 

Synchronous  method 

Synchronous  control  with  optical  fiber, 
Synchronous  control  by  cellular  phone 

Synchronous  control  with  optical  fiber 

Transfer  mechanism 

Horizontal  movement 

Vertical  movement 
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Figure  5.  Developed  optical  fiber  CATS  system 


3.2  Performance  evaluations 

Figure  6  shows  the  transfer  waveform  of  our  optical  fiber  CATS 
system.  This  figure  shows  that  it  takes  about  25  ms  to  connect  the 
unfixed  ferrule  to  the  replacement  ferrule. 


Figure  6.  Transfer  waveform 


Figure  7.  Histogram  of  measured  transfer  time 


the  degradation  in  the  performance  of  the  switching  device  with 
increases  in  transfer  frequency  was  evaluated.  This  figure  shows 
that  there  was  no  large  change  in  the  transfer  time  through  700 
transfer  splicing  operations,  and  it  confirms  that  the  switching 
device  provided  mechanically  steady  operation.  The  average 
transfer  time  was  about  24  ms.  We  then 
investigated  the  influence  of  the  switching  device  on  the  MT 
connector.  Figure  9  shows  the  MT  connector  before  and  after  the 
transfer  splicing.  Figure  9(a)  is  a  photograph  of  the  pinhole  of  the 
MT  connector  obtained  with  an  optical  microscope  prior  to  the 
transfer  splicing,  and  the  connection  loss.  We  measured  240 
samples,  and  the  average  value  and  standard  deviation  of  the 
connection  loss  were  0.17  and  0.14  dB  respectively.  Figure  9(b)  is 
a  photograph  of  the  pinhole  of  the  MT  connector  after  60  transfer 
splicing  operations,  and  the  connection  loss.  Although  we 
observed  that  the  edge  of  the  pinhole  was  worn  out,  the 
connection  loss  was  no  problem  as  there  was  little  damage  caused 
by  pinhole  scuffing.  As  evidence  of  this,  there  were  no  great 
differences  in  the  average  connection  loss  or  the  standard 
deviation  before  and  after  the  transfer  splicing. 


A  histogram  of  the  measured  transfer  time  is  shown  in  Fig.  7.  The 
transfer  splicing  was  executed  292  times  for  30  samples.  The 
average  transfer  time  was  24.2  ms,  and  the  standard  deviation  was 
about  2.4  ms.  Moreover,  even  the  longest  transfer  time  was  only 
32.2  ms.  The  characteristics  at  this  transfer  time  are  not  very 
different  from  those  of  a  conventional  optical  fiber  CATS  system 
[1].  Figure  8  shows  the  change  in  the  transfer  time  with  transfer 
splicing  frequency.  Transfer  splicing  was  executed  700  times,  and 
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Figure  9.  Comparison  of  MT  connectors 
pinholes  before  and  after  transfer  splicing 


Figure  8.  Change  in  transfer  time  with 
transfer  splicing  frequency 
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4-  Field  trial  using  this  prototype 

Figure  10  shows  the  set  up  for  an  aerial  cable  removal  experiment 
using  a  cellular  phone.  We  used  this  practical  example  because 
the  construction  of  communication  facilities  in  Japan  involves  the 
widespread  use  of  aerial  optical  cable.  The  optical  fiber  CATS 
system  was  installed  in  aerial  closures,  and  we  switched  from  an 
active  route  to  another  route  using  a  cellular  phone  to  synchronize 
the  changeover.  The  distance  between  the  two  work  sites  was 
about  200  m.  During  cable  removal,  we  monitored  the  installed 
optical  fiber  with  an  optical  time  domain  rcflectomcter  (OTDR) 
from  the  telephone  office.  This  is  because  it  is  necessary  to 
monitor  the  optical  loss  change  caused  by  transfer  splicing  work, 
and  the  change  in  connection  loss  before  and  after  transfer- 
splicing. 

The  main  working  time  related  to  the  cable  transfer  is  as  follows. 
The  time  needed  to  install  the  synchronous  controller  in  the 
bucket  and  the  switching  device  on  the  aerial  worktable  is  about 
15  minutes.  About  20  minutes  is  needed  to  prepare  the  telephone 
call  line  and  the  synchronous  control  line.  It  took  about  10 
minutes  per  fiber  ribbon  from  fiber  identification  to  cable  transfer 
splicing.  And,  about  5  minutes  were  spent  on  the  OTDR 


Distance  (km) 

Figure  11.  OTDR  waveforms  before  and  after 
transfer  splicing 


Figure  10.  Aerial  cable  removal  experiment  using  cellular  phone 


examination  performed  after  the  transfer  splicing.  We  were  able  to 
shorten  the  time  of  the  process  from  fiber  identification  to  cable 
transfer  splicing  by  about  20  minutes  compared  with  that  needed 
for  a  conventional  device.  This  is  because  our  approach  makes  it 
possible  for  the  first  time  to  work  simultaneously  at  two  work 
sites.  This  is  because  no  optical  loss  fluctuation  was  generated 
when  the  connector  was  handled  [4], 

The  workspace  for  aerial  optical  cable  is  shown  in  the  photograph 
in  Fig.  10.  The  worker  can  work  freely  in  the  bucket  because  the 
switching  device,  which  is  a  component  of  the  optical  fiber  CATS 
system,  was  downsized  to  the  same  size  as  a  fusion  splice  device 
for  aerial  optical  cable  [5],  There  is  sufficient  space  for  two 
workers  to  work  in  the  bucket. 

OTDR  waveforms  before  and  after  the  transfer  splicing  in  the 
cable  removal  work  are  shown  in  Fig.  11.  From  this  figure,  the 
connection  loss  and  the  connector  reflection  remained  unchanged 


at  both  work  sites.  Moreover,  there  was  no  optical  loss  change  at 
either  work  site  during  the  transfer  splicing  work. 

5.  Conclusions 

We  have  developed  a  miniaturized  switching  device  whose  use 
does  not  require  special  skill,  so  that  we  may  expand  the 
application  region  of  the  optical  fiber  CATS  system  to  aerial  cable 
facilities.  Moreover,  we  added  a  function  that  allows  us  to  control 
the  optical  fiber  CATS  system  synchronously  at  three  work  sites, 
and  to  synchronize  this  system  by  using  a  cellular  phone.  We  then 
constructed  a  prototype  optical  fiber  CATS  system  for  aerial  cable, 
and  evaluated  its  performance.  Furthermore,  we  applied  this 
prototype  to  aerial  optical  cable  outdoors  and  confirmed  its 
efficacy  in  aerial  transfer  splicing  work.  These  experimental 
results  confirmed  that  our  optical  fiber  CATS  system,  which  we 
developed  for  aerial  optical  cable,  is  practically  viable.  As  a  result, 
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since  the  application  region  of  the  optical  fiber  CATS  system  can 
be  extended  from  underground  to  aerial  cable  facilities,  the  use  of 
this  system  during  cable  re-routing  or  replacement  will  reduce 
circuit-releasing  time  and  improve  customer  service. 
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Abstract 

Dispersion-managed  ultra  long  haul  (ULH)  submarine  and 
terrestrial  networks  typically  require  transmission  fiber  spans,  which 
consist  of  two  fibers  -  one  with  a  positive  dispersion  and  the  other 
with  a  negative  dispersion.  Generally,  the  mode  field  diameter 
(MFD)  of  these  fibers  is  very  different.  Due  to  large  mismatches  in 
mode  field  diameters,  typical  splice  loss  of  these  fiber  combinations 
is  ~  l.OdB  at  1550  nm.  Not  only  is  the  splice  loss  large,  it  also  has 
wavelength  dependence  across  the  C-Band  (1530  to  1565  nm)  and 
the  L-Band  (1565  to  1625  nm)  transmission  windows,  the 
wavelength  range  for  die  Dense  Wavelength  Division  Multiplexing 
(DWDM).  Four  solutions  were  evaluated  for  reducing  the  splice  loss 
of  these  dissimilar  fiber  combinations,  thermally  expanded  core 
(TEC)  technique  including  Pretreatment,  Post  treatment,  Arc 
scanning  and  bridge  fiber  splicing  with  optimized  program.  On 
average,  the  1550  nm  was  less  than  0.2  dB  with  low  wavelength 
dependence  in  the  1530-1625  nm  range. 

Keywords 

Dissimilar  fiber  splice;  Dispersion  management  network;  High 
strength  splice;  TEC;  Bridge  fiber  splice 

1.  Introduction 

Future  ULH,  40  Gb/s  and  80  Gb/s  transmission  network  will  require 
dispersion  balanced  spans  that  have  low  attenuation  and  polarization 
mode  distortion.  These  kind  of  networks  are  classified  under  two 
major  management  design  mappings:  (1)  positive-dispersion  fiber 
followed  by  inverse-dispersion  fiber  per  one  network  span  (A+B 
management^  1  ]  [2]  [3]  [4]  [5],  (2)  inverse-dispersion  fiber  section  is 
sandwiched  between  two  positive-dispersion  fiber  sections  (A+B+A 
management)[4] [5] [6] .  Both  of  these  dispersion-managed  spans 
require  splicing  dissimilar  fibers.  Mode  field  size  and  shape  play  a 
significant  role  in  determining  the  splice  loss  between  these  fibers. 
These  fibers  typically  have  a  factor  of  two  difference  in  mode  field 
diameter.  Furthermore,  the  mode  field  shape,  which  is  related  to  the 
chromatic  dispersion  characteristics,  is  very  different  for  these  two 
fibers.  The  splice  loss  between  such  dissimilar  fibers  can  approach 
1.0  dB  at  1550  nm  as  compared  to  the  typical  0.1  dB  splice  loss 
between  more  conventional  single-mode  ITU-T  G.652  fibers  and 
Non-Zero  Dispersion  Shifted  Fibers  (NZDSF)  ITU-T  G.655  for 
terrestrial  use,  both  use  positive  dispersion  fibers  profiles. 

Copyright  ©  2002 
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Figure  1.  Dispersion  managed  network 


Figure  1  illustrates  the  splice  requirements  for  A+B  and  A+B+A 
type  spans.  To  reduce  the  splice  loss,  in  principle,  one  has  to  create 
a  gradual  transition  of  mode  field  diameter  between  the  two  fibers. 
We  have  investigated  two  major  techniques  —  the  bridge  fiber 
technique  and  the  thermally  expanded  core  (TEC)  techniques. 
Careful  consideration  was  given  to  the  splicing  technology 
requirements.  Splices  deployed  in  submarine  networks  (factory 
splice)  need  both  high  strength  and  low  splice  losses  where 
terrestrial  networks  (field  splice)  must  support  heat  shrinkable  splint 
protection. 

2.  Fiber  characteristics 

Table  1  shows  typical  splice  loss  results  and  basic  fiber 
characteristics  of  the  fibers  used  in  our  study.  In  this  paper,  we 
described  SLA  (Super  Large  effective  Area)  fiber  as  positive 
dispersion  fiber  and  IDF  (Inverse  Dispersion  Fiber)  as  negative 
dispersion  fiber. 

Table  1.  Basic  fiber  characteristics  for  dispersion- 
managed  network  (@1550nm) 


A  fiber 

B  fiber 

SLA 

IDF 

Attenuation 

(dB/km) 

<0.19 

<0.25 

MFD 

(pm) 

11.9 

6.2 

Aeff 

(pm2) 

106 

30 

Dispersion 

(ps/nm/km) 

+20 

-40 

Splice  loss 

Same  fiber 

0.04 

0.15 

(dB) 

Dissimilar 

>1.0 
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3.  Splice  loss  improvements 

Dispersion-managed  networks  typically  have  three  different  splice 
conditions  in  one  network  span.  It  includes  two  major  splice 
scenarios,  which  are  1)  same  fiber  type  splice  such  as  SLA-SLA  and 
IDF-IDF  and  2)  dissimilar  fiber  splice  such  as  SLA-IDF.  The 
fusion-splice  difficulty  has  a  strong  relation  to  MFD  mismatch 
between  spliced  fibers.  It  is  very  difficult  to  get  low  splice  loss  with 
the  SLA-IDF  fiber  splice  because  the  MFD  mismatch  is 
approximately  5.7  pm  at  1550  nm.  That  kind  of  dissimilar  fiber 
splice  loss  performance  has  been  reported  in  several  previous  papers 
[7][8][9].  Reported  results  show  that  it  was  approximately  0.5  dB 
(Aeff  difference  was  approximately  70  pm2)  on  direct  splice  [7], 
0.28  dB  at  1550  nm  average  (MFD  mismatch  was  approximately 
8.9  pm)  with  bridge  fiber  technique  [8]  and  0.122  dB  average  (MFD 
mismatch  was  approximately  3  pm)  with  the  arc  sweep  technique 
[9],  In  this  section,  we  focus  on  splice  loss  improvement  of  the 
SLA-IDF  fiber  combination. 

3.1  Bridge  fiber  technique 

The  bridge  fiber  method  involves  making  two  splices  (sec  Figure  2), 
which  are  some  distance  apart.  This  length  of  bridge  fiber  is 
necessary  to  control  the  effect  of  modal  noise  on  optical 
transmission.  SLA  is  first  spliced  to  a  short  length  of  a  fiber  that  has 
an  intermediate  mode  field  diameter  (bridge  fiber).  Splice  loss  is 
minimized  by  an  appropriate  choice  of  bridge  fiber.  In  our  study,  we 
chose  a  9.5  pm  MFD  negative  dispersion  fiber  on  the  basis  of 
matching  the  mode  field  shapes.  The  other  end  of  the  bridge  fiber  is 
then  spliced  to  IDF.  Total  splice  loss  is  the  combined  splice  loss  of 
SLA  -  bridge  fiber  and  bridge  fiber  -  IDF.  Table  2  lists  the  splice 
losses  obtained  using  the  bridge  fiber  technique.  Note  that  this  splice 
loss  depends  upon  a  good  match  between  the  bridge  fiber  and  SLA 
and  IDF  fibers  and  the  fiber  design  for  large  mode  field  and  small 
mode  field  diameter  fibers.  In  the  factory,  one  can  recoat  these  two 
splices  but  in  the  field  this  configuration  requires  two  heat 
shrinkable  protection  splints  for  the  splices.  A  typical  two-splint 
storage  scheme  is  illustrated  in  Figure  3. 


SLA  Bridge  IDF 


Table  2.  Bridge  fiber  results  for  various  splicing 
devices  (dB) 


Splicer 

A 

B 

C 

D 

E  , 

Splicer  for 

Field 

Field 

Field  / 
Factory 

Factory 

Factory 

SLA  -  Bridge 

0.186 

[0.038] 

0.166 

0.228 

[0.015] 

0.127 

[0.030] 

0.113 

Bridge  -  IDF 

0.250 

[0.019] 

0.290 

0.257 

[0.016] 

0.240 

[0.021] 

0.400 

SLA  -  IDF 

'  0.436 

0.456 

0.485 

0.367 

0.513 

Mean  /  [Standard  deviation 

Figure  3.  Double  splint  splices  arranged  in  a  splice 
enclosure 


Using  a  Mote  Carlo  Simulation,  Table  3  shows  the  estimated  splice 
loss  populations  based  on  our  measurement  result  at  several 
wavelengths.  These  were  calculated  on  the  best  combination  on 
both  for  the  field  splice  and  factory  splice.  In  the  factory  splice,  the 
optimized  splice  program  balanced  reasonable  strength  performance 
with  low  splice  loss  and  low  wavelength  dependence  splice  loss. 


Table  3a.  Wavelength  dependence  splice  loss 
using  field  splicer  (dB) 


Combi 

nation 

SLA  -  Bridge 

Bridge  -  IDF 

Splicer 

Field  splicer  A 

Field  /  Factory  splicer  C 

Wave 

-length 

1530 

nm 

1550 

nm 

1565 

nm 

_ 

1625 

nm 

1530 

nm 

1550 

nm 

1565 

nm 

1625 

nm 

Avc. 

0.190 

0.187 

0.184 

0.175 

0.252 

0.256 

0.261 

0.300 

M.D. 

0.184 

0.183 

0.181 

0.172 

0.252 

0.256 

0.261 

0.299 

S.D. 

0.049 

0.040 

0.033 

0.032 

0.019 

0.016 

0.014 

0.026 

Max. 

0.45 

0.41 

0.35 

0.34 

0.38 

0.36 

0.32 

0.41 

Min. 

0.07 

0.08 

0.09 

0.09 

0.19 

0.20 

0.21 

!  0.22 
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Count  1 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

Table  3b.  Wavelength  dependence  splice  loss 
using  factory  splicer  (dB) 

Combi 

nation 

SLA  -  Bridge 

Bridge 

-IDF 

Splicer 

Factory  splicer  D 

Factory  splicer  D 

Wave 

1530 

1550 

1565 

1625 

1530 

1550 

1565 

1625 

-length 

nm 

nm 

nm 

nm 

nm 

nm 

nm 

nm 

Ave. 

0.125 

0.127 

0.128 

0.130 

0.229 

0.240 

0.250 

0.325 

M.D. 

0.122 

0.124 

0.124 

0.127 

0.228 

0.239 

0.249 

0.321 

S.D. 

0.029 

0.030 

0.030 

0.030 

0.024 

0.021 

0.021 

0.053 

Max. 

0.27 

0.30 

0.29 

0.30 

0.34 

0.32 

0.34 

0.60 

Min. 

0.05 

0.05 

0.05 

0.06 

0.16 

0.17 

0.18 

0.17 

Count 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

The  differences  between  the  splicing  process  for  field  and  factory 
splicing  are  as  follows. 

1)  Stripping  method  of  coating  material  (tools  [scissor  type  vs.  hot 
stripper],  and  length  [long  vs.  short]) 

2)  Cleaning  method  during  fiber  end  face  preparation  process  [hand 
wiping  vs.  ultrasonic  cleaner] 

3)  Fiber  clamping  method  [bare  fiber  clamp  vs.  coating  clamp] 

For  field  splicing,  the  splicing  time  per  splice  is  more  important  than 
strength  performance.  However,  in  the  factory  splice,  the  splice 
points  are  typically  in  the  cable.  Consequently,  the  splice  points 
need  to  satisfy  the  fiber  proof  test  level.  To  meet  these  two 
objectives  the  optimized  program  consists  of  different  settings  for 
each  of  the  parameters. 

The  splice  loss  results  from  the  applied  optimized  program  show 
that  the  wavelength  dependence  splice  loss  was  extremely  low  in  C- 
Band  and  it  will  be  acceptable  in  L-Band  on  both  field  splice  and 
factory  splice. 

3.2  TEC  techniques 

The  second  technique  involves  expanding  the  mode  field  using  heat 
treatment.  This  technique  requires  only  one  direct  splice  between 
SLA  and  IDF  and  technique  has  two  advantages.  It  avoids  the 
possibility  of  mode  -mixing  due  to  the  bridge  fiber  and  needs  only 
one  protection  splint  which  makes  the  splice  storage  in  the  field 
easier.  There  are  two  variations  of  this  technique  -  pre-splice 
treatment  [10]  and  post-splice  treatment,  with  2  different  post¬ 
treatment  approaches.  The  first  post  treatment  method  involves 
applying  a  flame  following  the  direct  splice  by  commercial  splicer. 
The  other  method  uses  an  arc  scanning  technique  following  the 
commercial  splicer  [9].  All  of  TEC  techniques  make  a  gradual 
change  in  mode  field  shape  near  the  splice  point.  The  key 
technology  will  be  the  length  of  the  MFD  change  around  the  fiber 
contact  point. 


3.2.1  Pretreatment 

This  technique  has  strong  possibility  to  reduce  the  splice  loss 
because  of  its  advantage  of  matching  the  MFD  of  small  MFD 
fiber  side  to  large  MFD  fiber  before  making  the  initial  splice.  The 
disadvantage  is  that  it  is  difficult  to  monitor  the  splice  loss  change 
during  the  treatment  process,  because  this  technique  is  only 
applied  on  the  small  MFD  fiber  (IDF)  before  the  fusion  splice. 
Table  4  shows  the  experiment  results  of  this  technique  applied  to 
the  SLA-IDF  splice.  The  results  indicate  extremely  low  splice 
loss  at  the  reference  wavelength  (1550  nm),  low  wavelength 
dependence  splice  loss  in  C-Band  and  acceptable  wavelength 
dependence  splice  loss  in  L-Band. 


Table  4.  Splice  loss  result  of  SLA-IDF  using 
pretreatment  technique  (dB) _ 


Items 

1530nm 

1550nm 

1565nm 

1625nm 

Average 

0.122 

0.132 

0.142 

0.222 

Median 

0.118 

0.129 

0.140 

0.212 

Std  dev 

0.046 

0.044 

0.042 

0.061 

Maximum 

0.24 

0.24 

0.24 

0.36 

Minimum 

0.06 

0.08 

0.09 

0.11 

Count 

34 

34 

34 

34 

Splice  loss  reduction  can  be  accredited  to  a  fiber’s  Reflective 
Index  Profile  (RIP)  changes  over  the  splice  point.  Gradually 
increasing  the  smaller  core  fiber’s  MFD  allows  for  a  uniform 
transfer  of  optical  light  between  the  fibers  to  occur.  Thus  taper 
allows  more  uniform  optical  light  transfer  between  the  spliced 
fibers.  Figure  4  graphs  the  SLA-IDF  splice  loss  verse  MFD  gap 
relationship  for  pretreated  IDF  to  SLA  fusions. 

These  results  show  that  the  lowest  splice  loss  point  corresponds  to 
a  gap  of  approximate  +1.0  pm.  The  reason  for  this  is  that  we  used 
variable  aperture  far  field  technique  to  measure  the  MFD  on 
treated  IDF  fibers.  This  means  that  the  fiber  has  a  gradual  RIP 
change  related  treatment  time.  Therefore  the  measurement  of  the 
MFD  will  have  an  offset  to  the  large  side.  Consequently,  the  gap 
between  treated  IDF  and  untreated  SLA  has  some  measurement 
error  related  to  the  MFD  taper.  Using  the  lowest  splice  loss 
treatment  condition,  which  can  be  achieved  when  the  gap  between 
the  treated  IDF  and  SLA  is  +1.0  pm,  produces  the  minimum 
splice  loss  at  1550  nm.  Measured  results  of  0.075dB  with 
virtually  no  wavelength  dependency  loss  verify  this  conclusion. 
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Figure  4.  The  relationship  between  MFD  gap  and 
splice  loss 


3.2.2  Post  treatment 

Some  of  the  advantages  of  flame  post  treatment  is  the  ability  to 
monitor  the  splice  loss  change  during  the  treatment  process,  easy 
to  control  the  treatment  time  to  achieve  the  lowest  loss  and  the 
process  is  very  production  friendly.  However,  the  flame  treatment 
requires  precise  positioning  of  the  splice  point  in  the  flame. 

Table  5  shows  the  splice  loss  results  of  this  technique  on  the  SLA- 
IDF  splice.  As  the  result  shows  it  also  achieved  low  splice  loss 
and  low  wavelength  dependence  splice  on  this  fiber  combination. 

Table  5.  Splice  loss  result  of  SLA-IDF  using  flame 
post  treatment  technique  (dB) 


Items 

1530nm 

1550nm 

1565nm 

1625nm 

Average 

0.160 

0.192 

0.223 

0.419 

Median 

0.152 

0.184 

0.210 

0.440 

Std  dev 

0.049 

0.047 

0.053 

0.120 

Maximum 

0.29 

0.29 

0.34 

0.61 

Minimum 

0.11 

0.14 

0.15 

0.17 

Count 

13 

13 

13 

13 

Based  on  RIP  measurement  result  over  the  splice  point,  the  MFD 
over  all  length  change  at  the  contact  point  was  slightly  shorter 
than  that  of  pretreatment  technique.  This  seems  to  be  the  primary 
reason  for  the  difference  in  average  splice  loss  and  wavelength 
dependence  splice  loss  between  the  two  methods. 

3.2.3  Arc  scanning 

This  technique  has  an  advantage  in  the  area  of  fiber  handling, 
including  1)  preparation  process  (stripping,  cleaning  and 
cleaving),  2)  extremely  short  splice  time  and,  3)  single  station 
processing  (no  need  to  relocate  the  fiber  ends  for  additional 
treatment.  The  splice  process  is  the  same  as  standard  fiber 
splicing,  except  for  the  splice  program.  Therefore  it  is  easy  to 
transfer  the  splice  process  to  the  operator  of  both  the  field  and 
factory.  Unfortunately,  the  splice  loss  result  with  a  pre-optimized 
program  was  higher  than  the  above  TEC  techniques  (Table  6). 


However,  the  advantages  of  this  technique  may  outweigh  the 
higher  splice  loss  in  certain  cases  (such  as  field  splicing). 


Table  6.  Splice  loss  result  of  SLA-IDF  using  arc 
_ scanning  technique  (dB) 


Items 

1530nm 

1550nm 

1565nm 

I625nm 

Average 

0.510 

0.529 

0.549 

0.689 

Median 

0.519 

0.538 

0.559 

0.684 

Std  dev 

0.057 

0.058 

0.059 

0.088 

Maximum 

0.61 

0.61 

0.63 

0.83 

Minimum 

0.41 

0.43 

0.44 

0.55 

Count 

18 

18 

18 

18 

3.3  Summary  of  SLA-IDF  spice  improvement 

Table  7  shows  our  study  results  of  the  existing  techniques  for 
reducing  the  splicing  loss  of  dissimilar  fibers. 

As  shown,  TEC  techniques  have  an  advantage  in  both  the  field 
splice  and  factoiy  splice.  The  pretreatment  and  post  treatment 
techniques  are  better  choices  for  the  factory  splice.  For  the  field 
splice,  the  pretreatment  and  arc  scanning  technique  are  better  than 
other  techniques.  A  disadvantage  of  the  flame  TEC  technique  is 
that  open  flames  may  pose  a  safety  hazard  in  the  field  and  in  the 
factory.  Also,  the  open  flame  is  sensitive  to  environmental 
conditions,  including  temperature,  humidity  and  altitude.  The  arc 
scanning  technique  will  also  be  affected  by  environmental 
conditions;  however  the  impact  will  be  lower  than  for  a  flame.  Table 
8  shows  the  splice  loss  results  of  same  fiber  splice  (SLA-SLA  and 
IDF-IDF)  using  optimized  program  and  basic  result  of  SLA-IDF 
direct  splice. 


Table  7.  Comparison  of  each  splicing  techniques 
_  on  SLA-IDF  splice 


Splice 

method 

Splice 

loss 

Wavelength 

dependence 

Handling 

Factory 

Field 

Direct  Splice 

High 

Acceptable 

Good 

Good 

Bridge  fi 

3er  splice 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

TEC 

technique 

Pre 

treatment 

Low 

Low 

Acceptable 

Possible 

Post 

treatment 

by  flame 

Low 

Low 

Acceptable 

Difficult 

Arc 

scanning 

technique 

Acceptable 

Acceptable 

Good 

Good 
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Table  8.  Splice  loss  characteristics  of  same  fiber 
type  splicing  and  SLA-IDF  direct  splice  loss 
without  TEC  or  bridge  splice  technique  (dB) 


Splice  type 

Wavelength 

1530nm 

1550nm 

1565nm 

1625nm 

Field 
splicer  C 

SLA-SLA 

0.011 

[0.005] 

0.011 

[0.004] 

0.010 

[0.005] 

0.010 

[0.005] 

IDF -IDF 

0.047 

[0.020] 

0.054 

[0.020] 

0.062 

[0.021] 

0.112 

[0.018] 

Factory 
splicer  D 

SLA-SLA 

0.030 

[0.020] 

0.032 

[0.017] 

0.035 

[0.018] 

0.035 

[0.018] 

IDF-IDF 

0.100 

[0.045] 

0.113 

[0.047] 

0.127 

[0.049] 

0.240 

[0.072] 

SLA-IDF 

0.980 

[0.105] 

0.965 

[0.091] 

0.953 

[0.079] 

0.948 

[0.098] 

4.  Investigation  of  span  loss  of  dispersion 
managed  network 

In  this  section,  we  estimated  the  network  splice  loss  distributions, 
based  our  study  results,  using  the  Monte  Carlo  Simulation  method. 

4.1  Submarine  dispersion-managed  network 

Table  9  and  Figure  5  shown  the  estimation  results  of  span  splice  loss 
distribution  related  on  A+B  and  A+B+A  dispersion-managed 
network,  calculated  for  several  wavelengths.  The  basic  network  was 
presented  on  Figure  1.  The  typical  cable  segment  of  this  network  is 
approximately  14  km  and  one  span  length  is  50  km  and  100  km, 
respectively. 

Table  9a.  The  result  of  span  splice  loss  estimation 
for  A+B  management  (Submarine)  (dB) 


Wavelength 

1530nm 

1550nm 

1565nm 

Average 

0.245 

0.264 

0.293 

Median 

0.234 

0.255 

0.286 

Std  Dev 

0.082 

0.072 

0.075 

Maximum 

0.78 

0.74 

0.77 

Minimum 

0.06 

0.08 

0.10 

Count 

10,000 

10,000 

10,000 

Table  9b.  The  result  of  span  splice  loss  estimation 
for  A+B+A  management  (Submarine)  (dB) 


Wavelength 

1 530nm 

1550nm 

1565nm 

Average 

0.490 

0.527 

0.586 

Median 

0.480 

0.521 

0.580 

Std  Dev 

0.104 

0.094 

0.097 

Maximum 

1.14 

1.07 

1.12 

Minimum 

0.21 

0.26 

0.32 

Count 

10,000 

10,000 

10,000 

Figure  5a.  The  result  of  span  splice  loss  estimation 
for  A+B  management  (Submarine) 


Figure  5b.  The  result  of  span  splice  loss  estimation 
for  A+B+A  management  (Submarine) 


4.2  Terrestrial  dispersion-managed  network 

In  this  section  we  estimated  the  terrestrial  span  splice  loss 
distribution  on  both  dispersion  management  designs  (see  Table  10 
and  Figure  6).  The  difference  from  submarine  network  was  the 
length  of  the  average  cable  segment.  A  terrestrial  network  typically 
consists  of  an  average  cable  length  of  4  km.  This  layout  requires 
many  splice  points  in  one  span. 

Table  10a.  The  result  of  span  splice  loss  estimation 


for  A+B  manai 

jement  (dB) 

Wavelength 

1530nm 

1550nm 

1565nm 

Average 

0.716 

0.748 

0.782 

Median 

0.711 

0.743 

0.780 

Std  Dev 

0.069 

0.063 

0.058 

Maximum 

1.04 

1.15 

1.03 

Minimum 

0.51 

0.56 

0.61 

Count 

10,000 

10,000 

10,000 
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Table  10b.  The  result  of  span  splice  loss  estimation 
_ for  A+B+A  management  (dB) 


Wavelength 

1530nm 

1550nm 

1565nm 

Average 

1.433 

1.496 

1.565 

Median 

1.428 

1.492 

1.563 

Std  Dev 

0.097 

0.089 

0.082 

Maximum 

1.89 

1.95 

1.90 

Minimum 

1.14 

1.20 

1.25 

Count 

10,000 

10,000 

10,000 

Figure  6a.  The  result  of  span  splice  loss  estimation 
for  A+B  management  (Terrestrial) 


Figure  6b.  The  result  of  span  splice  loss  estimation 
for  A+B+A  management  (Terrestrial) 


When  using  dispersion-managed  solutions  in  the  terrestrial 
applications  it  is  necessary  to  consider  the  methodologies  for 
network  restoration  and  network  rerouting  of  installed  cables.  These 
considerations  will  affect  the  choice  of  SLA-IDF  splice  method 
deployed  in  the  field  and  how  network  cable  management  will  be 
done  in  the  future.  Either  of  these  conditions  lends  support  to 
making  a  SLA-IDF  splice  with  high  strength  in  the  factory.  Then 
install  this  splice  point  in  the  cable  of  initial  construction.  This 
method  has  three  advantages;  1)  it  can  reduce  the  SLA-IDF  splice 
loss,  2)  in  the  field  condition  it  will  be  splicing  same  fiber  type 
(SLA-SLA  and  IDF-IDF),  3)  it  has  no  concern  to  make  a  double 


splint  splice.  However  it  would  be  more  difficult  to  manage  the 
installed  network. 

Instead  of  the  Monte  Carlo  technique,  a  first  order  estimate  of 
network  splice  loss  can  also  be  made  via  a  direct  analytical 
combination  of  the  constituent  splice  loss  distributions.  If  the 
individual  splice  loss  distributions  are  approximated  by  normal 
distributions,  each  characterized  by  a  mean  and  standard 
deviation,  predicting  the  network  splice  loss  is  particularly 
simple.  The  expected  average  span  splice  loss  is  simply  given  by 
the  sum  of  the  means  for  the  constituent  splice  losses  while  the 
standard  deviation  of  the  splice  loss  is  given  by  the  square  root  of 
the  sum  of  the  squares  of  the  standard  deviations  of  the 
constituent  splice  losses.  As  we  would  expect,  the  average  span 
splice  loss  and  standard  deviation  of  the  span  splice  loss  predicted 
by  this  simple  technique  agrees  with  the  Monte  Carlo  results 
presented  in  Tables  9  and  1 0  to  within  1 5%  or  better.  This  simple 
first  order  estimate  is  expected  to  be  particularly  accurate  when 
the  standard  deviations  of  the  constituent  splice  losses  are  small 
compared  to  their  mean  values.  The  limitation  of  this  simple 
analytical  technique  is  that  a  normal  splice  loss  distribution 
appr°ximation  can  lead  to  negative  splice  loss  values. 

4.3  Summary  of  network  loss  estimation 

Analyzing  the  estimation  results  of  splice  loss  distribution  on  one 
network  span  and  the  average  splice  losses  at  several  key 
wavelengths  appears  to  have  no  significant  differences  between 
A+B  and  A+B+A  dispersion  management  design  (Based  on  the 
splice  loss  ratio  related  to  span  length).  However,  in  the  actual 
network,  both  span  end  fibers  of  the  A+B+A  designed  span  will  be 
of  the  SLA  type  (large  MFD  fiber).  Because  it  is  easy  to  splice  SLA 
to  repeater  cover  fibers,  which  usually  have  large  MFD,  this  could 
be  an  advantage  in  the  field. 


Table  11.  Example  of  network  loss  estimation  at 
1550nm 


Network 

Splice 

Total  loss  (dB) 

Fiber  loss  (dB) 

Splice  loss  (dB) 

Design 

technique 

Splice  loss 
ratio  (%) 

SLA 

IDF 

Q31 

ras 

SfH 

A-B 

Bridge 

11.04 

w /  optimized 

4.70% 

Pretreat 

10.80 

w  /  optimized 

2.58% 

■a 

0.31 

1.37 

A-B-A 

Bridge 

D 

ggg 

w  /  optimized 

1.04 

Hi 

Pretreat 

Bj 

KB! 

HQ 

w  /  optimized 

■EMI 
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Table  11  results  indicate  that  applying  the  Bridge  fiber  technique 
with  optimized  splice  programs  on  dissimilar  fiber  and  same  fiber 
type  splices,  the  splice  loss  ratio  on  one  network  span  could  be  less 
than  5  %.  Applying  the  pretreatment  technique  on  dissimilar  fiber 
splice  could  further  reduce  it  to  2.5  %. 

5.  Conclusions 

We  have  shown  splice  loss  improvement  on  dissimilar  fiber  fusion 
splice  of  0.13  dB  average  splice  loss  at  1550  nm  with  extremely  low 
wavelength  dependence  splice  loss,  on  fibers  with  a  MFD  difference 
of  5.7  urn,  using  a  pretreatment  technique.  Also  our  experiment 
results  indicate  that  other  splicing  techniques  could  be  useful  to 
achieve  the  reasonable  splicing  performance,  when  considering 
handling  and  splice  process  time  in  addition  to  splice  loss. 

Based  on  splice  loss,  the  pretreatment  technique  is  the  best  method 
to  obtain  the  low  splice  loss.  However  we  would  recommend  taking 
into  consideration  the  environmental  conditions  when  choosing  a 
technique  for  reducing  the  dissimilar  fiber  splice  loss.  Any 
technique  involving  a  flame  will  be  very  sensitive  to  environmental 
conditions.  To  apply  this  technique  to  the  field  splice,  which 
includes  onboard  ship  splices  and  terrestrial  field  splices,  additional 
work  to  improve  the  stability  of  these  techniques  is  required. 

For  all  fusion  splices,  it  is  difficult  to  guarantee  the  field  condition. 
However,  the  methods  shown  here  will  provide  lower  splice  loss 
and  allow  for  easier  splicing  to  obtain  the  optimum  network  loss. 
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Abstract 

Higher  fiber  count  cable  development  continues  to  be  driven  by 
bandwidth  demand  in  the  metropolitan  network.  Service 
providers  wish  to  maximize  the  capacity  of  their  networks  and 
minimize  the  installation  cost  per  fiber  meter.  These  requirements 
drive  the  development  of  even  higher  fiber  count  optical  cables 
and  closures.  As  fiber  count  increases,  fiber  optic  cables  and 
closures  are  becoming  larger  and  more  difficult  to  handle  in  the 
field.  During  the  recent  development  of  a  1728-fiber  loose  tube 
ribbon  cable  and  the  corresponding  1728-fiber  closure,  a  critical 
customer  requirement  was  addressed  in  order  to  provide  a  robust 
solution.  The  requirement  was  the  customer’s  desire  to  store 
buffer  tubes  containing  ribbons  inside  the  closure. 

Section  1 .0  provides  an  introduction  to  the  customer  requirement 
followed  by  Section  2.0  which  discusses  the  technical  issues 
concerning  the  customer’s  desire  to  store  buffer  tubes  inside  the 
closure  instead  of  ribbons.  Section  3.0  presents  methods  and 
results  for  evaluating  the  kink  resistance  of  buffer  tubes  in  order 
to  successfully  store  buffer  tubes  inside  closures.  Section  4.0 
discusses  field  testing  methods  and  results  for  various  buffer  tubes 
and  closure  prototypes.  Section  5.0  discusses  attenuation  testing 
performed  to  simulate  field  performance.  Finally,  Section  6.0 
summarizes  the  conclusions  of  the  study. 

Keywords 

Closure;  Ribbon;  Cable;  Tube;  Coil 

1.0  Introduction 

During  the  development  of  the  1728-fiber  cable  and  closure 
solution  it  was  critical  to  meet  industry  requirements  for  both  the 
cable  and  the  closure.  While  meeting  industry  requirements  is  an 
important  common  ground  for  the  supplier  and  the  customer,  a 
complete  understanding  of  additional  technical  issues  is  essential 
for  providing  a  robust  solution  for  the  customer.  In  the  case  of 
the  1728-fiber  solution  one  of  the  key  customer  requirements 
focused  on  the  cable  and  closure  interface. 

The  requirement  was  the  customer’s  desire  to  store  buffer  tubes 
containing  ribbons  inside  the  closure.  Storing  buffer  tubes  in  the 
closure  allows  the  installer  to  avoid  the  time-consuming  task  of 
exposing,  cleaning,  and  storing  unspliced  ribbons  inside  the 
closure.  Customer’s  also  prefer  to  store  buffer  tubes  to  better 
protect  unspliced  fibers  and  for  easier  fiber  identification  and 
organization.  Excess  lengths  of  buffer  tube  and/or  ribbon  are 
typically  stored  in  case  any  issues  arise  with  the  cable,  closure,  or 
fiber  splices.  Excess  length  allows  the  customer  to  re-enter  the 
closure  and  troubleshoot  potential  fiber  breaks  or  rework  fiber 
splices. 

This  paper  focuses  on  the  technical  concerns  of  storing  buffer 
tubes  inside  closures  and  identifies  the  methods  and  results  used 


to  develop  the  optimum  1728-fiber  loose  tube  ribbon  cable  and 
corresponding  1728-fiber  closure  design. 

Figure  1  shows  a  cross-section  of  the  cable  design  utilized  in  the 
evaluation.  Each  buffer  tube  contains  eight  12-fiber  ribbons  and 
fourteen  24-fiber  ribbons  in  a  combination  ribbon  stack  design. 

Figure  1.  1728-fiber  Cable  Cross-section 


2.0  Buffer  Tube  Storage 

In  addition  to  meeting  industry  requirements  for  both  the  cable 
and  closure  design,  the  most  critical  requirement  was  the 
customer  s  desire  to  store  buffer  tubes  containing  ribbons  inside 
the  closure.  Storing  ribbons  inside  of  the  buffer  tubes  saves 
cleaning  time  when  only  accessing  a  portion  of  the  fibers  in  the 
cable,  provides  better  protection  for  the  remainder  of  the 
unutilized  fibers,  and  helps  with  fiber  identification  and 
organization. 

To  illustrate  the  importance  of  storing  buffer  tubes,  consider  a 
metro-ring  around  a  large  city  containing  a  1728-fiber  loose  tube 
ribbon  cable  and  five  432-fiber  feeder  cables.  See  Figure  2.  At 
each  432-fiber  feeder  ring,  the  1728-fiber  cable  is  mid-span 
accessed  and  432  fibers  are  spliced  to  the  feeder  cable.  There  are 
a  total  of  ten  splice  points,  two  at  each  432-fiber  feeder  ring. 


Figure  2.  Metro  Ring  Scenario 
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In  the  previous  scenario,  consider  two  closure  storage  options, 
ribbon  and  tube.  If  the  buffer  tubes  are  not  stored  in  the  closure, 
then  all  four  tubes  in  the  1728-fiber  cable  must  be  opened  so  that 
the  ribbons  can  be  routed  in  the  closure.  If  the  tubes  are  stored, 
only  one  tube  in  the  1728-fiber  cable  must  be  opened.  Table  1 
summarizes  the  quantity  of  12-fiber  ribbons  that  must  be  exposed, 
cleaned,  and  stored  using  the  ribbon  storage  and  the  tube  storage 
options. 

Table  1.  Storage  Options  Inside  Closure 


Exposed,  Cleaned  and  Stored 

Storage  Option 

Spliced  12FRs 

Unspliced  12FRs 

Total  12FRS 

Ribbon 

360 

1080 

1440 

Tube 

360 

0 

360 

Figure  3.  Kink  Test  Configuration  &  Graph 


Notice  that  with  tube  storage  the  quantity  of  12-fiber  ribbons  that 
must  be  exposed,  cleaned,  and  stored  is  reduced  from  1440  to 
only  360.  This  reduction  in  the  number  of  ribbons  that  must  be 
exposed,  cleaned,  and  stored  saves  many  hours  for  the  installer. 
The  storage  of  buffer  tubes  also  improves  organization, 
identification  and  protection  of  ribbons  inside  the  closure. 

In  order  to  store  buffer  tubes  inside  closures  it  is  important  to 
understand  the  procedure  for  buffer  tube  storage.  During  buffer 
tube  storage,  10-20  feet  of  each  buffer  tube  is  typically  formed 
into  small-diameter  coils.  This  amount  of  tube  is  needed  to 
ensure  that  enough  ribbon  slack  will  be  available  for  future 
splicing  needs.  For  the  4-tube  1728-fiber  design,  this  results  in  a 
maximum  length  of  80  feet  of  buffer  tube  for  storage  inside  the 
closure.  After  the  buffer  tubes  are  coiled  they  are  then  placed  or 
pushed  into  the  closure.  In  order  to  perform  this  procedure 
successfully,  the  buffer  tube  must  not  kink  during  coiling  or 
during  placement  inside  the  closure.  A  kink  resistant  buffer  tube  is 
essential  for  performing  the  procedure  successfully.  If  the  buffer 
tube  kinks  during  coiling  or  placement,  fibers  may  experience 
increased  attenuation  or  in  extreme  cases  may  even  break. 

In  addition  to  having  a  kink  resistant  buffer  tube,  it  is  critical  to 
ensure  that  there  is  minimal  attenuation  change  once  the  buffer 
tubes  are  placed  in  the  closure.  It  is  also  important  to  ensure 
minimal  attenuation  increase  across  the  entire  operating 
temperature  range. 

3.0  Kink  Resistance 

3.1  Published  Kink  Resistance  Methods 

In  order  to  place  buffer  tubes  inside  closures,  the  tubes  are  formed 
into  slack  coils.  During  coiling  and  placement  in  the  closure, 
buffer  tubes  are  susceptible  to  kinking.  There  are  many  methods 
used  to  evaluate  the  kink  resistance  of  buffer  tubes  and  cables. 
One  method  used  by  Logan,  “forms  a  cable  into  a  loop  on  a 
tensile  tester.  The  cable  loop  is  pulled  while  monitoring  the  pull 
force  and  pull  distance.  The  onset  of  cable  kinking  is  noted  by  a 
sudden  drop  in  the  pull  force”  [1].  Figure  3  is  an  excerpt  from 
Logan’s  paper  and  shows  the  test  configuration  along  with  the 
resulting  graph  of  pull  force  versus  pull  distance.  In  Logan’s 
paper,  the  kink  force  and  kink  diameter  were  utilized  to  compare 
various  cable  designs  and  for  correlation  of  the  laboratory  test  to 
actual  field  performance  at  room  temperature. 


Another  method  for  evaluating  kink  resistance  was  published  by 
Okuno.  Okuno  states,  “One  end  of  a  sample  cord  is  inserted  into 
a  hole  on  a  sample  holding  implement,  and  a  weight  is  attached 
and  hung  from  the  other  end  of  the  cord.  The  weight  weighs  5 
grams  to  simulate  an  actual  connector.  The  distance  from  the  top 
surface  of  the  sample  holding  implement  to  the  highest  point  of 
the  bent  sample  cord  is  measured  and  used  as  the  kink-resistance 
index”  [2].  Figure  4  shows  the  test  configuration  utilized  by 
Okuno.  In  the  test  configuration  the  tube  is  placed  in  a 
rectangular  mount  and  a  5  gram  weight  is  suspended  from  the  end 
of  the  tube.  The  resulting  deformation  of  the  tube  is  then  utilized 
to  determine  the  kink-resistance  index.  Similar  to  Logan,  Okuno 
presented  a  method  for  comparing  different  cable  and  buffer  tube 
prototypes  and  also  assumptions  for  correlating  the  laboratory 
testing  to  actual  field-testing. 

Figure  4.  Okuno  Kink  Resistance  Method 


The  method  utilized  by  Logan  was  ideal  for  buffer  tubes  or  cables 
that  required  kink  forces  of  50-100  N.  Okuno’s  method  was  ideal 
for  buffer  tubes  or  cables  that  required  smaller  kinking  forces. 
While  both  methods  addressed  the  primary  issues  of  kink 
resistance  and  field  performance,  the  development  team  for  the 
1728-fiber  solution  had  several  additional  concerns. 

3.2  New  Kink  Resistance  Procedure 

In  addition  to  measuring  kink  resistance  and  correlation  to  field 
performance,  there  were  several  additional  requirements  for  the 
new  procedure. 

1 .  Minimal  time  to  setup  and  perform. 

2.  Ability  to  perform  test  from  -40°C  to  +70°C. 

3 .  Ability  to  always  test  buffer  tube  to  kink  failure. 


Internationa!  Wire  &  Cable  Symposium 


697 


Proceedings  of  the  51st  IWCS 


In  order  to  address  the  additional  concerns  of  the  development 
team.  A  manual  kink  resistance  procedure  was  created  and  used 
to  evaluate  the  kink  resistance  of  each  tube  sample.  Figure  5 
shows  the  setup  of  the  manual  kink  test  and  the  resulting  kink 
failure. 


To  perform  the  manual  procedure,  the  buffer  tube  sample  was 
placed  at  a  coil  diameter  of  approximately  200-mm.  Gripping  the 
ends  of  the  buffer  tube  sample,  the  tester  slowly  increased  the 
distance  between  their  hands  at  a  constant  rate,  approximately  1 50 
mm/min.  This  movement  decreased  the  initial  200-mm  coil 
diameter.  As  the  coil  diameter  was  decreased,  the  buffer  tube 
eventually  kinked  as  shown  in  Figure  5. 

At  the  point  of  failure,  the  kink  diameter  was  measured  and 
utilized  for  comparisons  of  different  buffer  tube  samples. 
Because  the  test  procedure  did  not  require  any  electronic 
equipment,  the  procedure  could  be  easily  utilized  across  the  entire 
cable  operating  temperature  range  from  -40°C  to  +70°C. 
Additionally,  because  the  test  was  quick  and  simple  results  could 
be  gathered  rather  easily. 

In  order  to  confirm  that  the  manual  kink  resistance  procedure  was 
repeatable  and  reliable,  it  was  compared  to  similar  laboratory 
methods.  Buffer  tubes  were  evaluated  utilizing  the  manual  kink 
resistance  procedure  and  a  laboratory  procedure  similar  to 
Logan  s.  Kink  diameters  were  determined  with  both  procedures. 
Table  2  shows  the  correlation  between  the  two  methods.  While, 
the  kink  diameters  were  not  equal  using  each  method,  the 
correlation  between  the  two  methods  was  very  consistent.  As  a 
result,  the  manual  kink  resistance  procedure  was  selected  for 
evaluating  buffer  tubes  for  the  1 728-fiber  solution. 

Table  2.  Comparison  of  Kink  Procedures 


Sample 

# 

Manual 

Kink  Diameter 
(mm) 

Laboratory 
Kink  Diameter 
(mm) 

% 

Differ 

1 

100 

125 

11.1 

2 

117 

145 

10.7 

3 

132 

163 

10.5 

4 

145 

177 

9.9 

5 

163  | 

198 

9.7 

3.3  Kink  Resistance  Results 

While  kink  resistance  is  essential  for  storing  buffer  tubes  inside 
closures,  it  is  also  important  to  consider  the  compression 


resistance  of  the  buffer  tubes  as  well.  Adequate  compression 
resistance  is  essential  for  meeting  the  customer’s  cable 
compression  requirements.  For  this  evaluation,  buffer  tubes  of 
different  materials  and  dimensions  were  evaluated  to  optimize 
compression  and  kink  resistance.  The  materials  chosen  for  the 
evaluation  were  medium  density  polyethylene  (MDPE),  high 
density  polyethylene  (HDPE)  and  polypropylene  (PP).  Buffer 
tubes  of  various  dimensions  and  materials  were  manufactured  and 
tested.  Table  3  shows  the  materials  and  dimensions  of  the  buffer 
tubes. 


Table  3.  Buffer  Tube  Dimensions  and  Materials 


Inner 

Diameter 

(mm) 

Tube 

Material 

Wall 

Thickness 

(mm) 

Compression 

Resistance 

Small 

MDPE 

0.9  -  3.0 

0.35  -  6.80 

HDPE 

0.5 -2.2 

0.16-5.70 

PP 

0.5 -2.0 

0.14-5.35 

Large 

MDPE 

0.7 -2.6 

0.13-3.75 

HDPE 

co 

r— 

O 

0.04  -  2.75 

PP 

0.3- 1.7 

0.04  -  2.65 

The  buffer  tube  wall  thickness  was  varied  with  each  material  type 
to  create  three  levels  of  compression  resistance.  The  compression 
resistance  is  a  function  of  the  inside  diameter  and  wall  thickness. 
The  minimum  compression  resistance  needed  to  meet  the 
customer’s  requirements  is  1.0.  The  technical  challenge  is  to 
balance  the  compression  resistance  to  meet  the  customer’s 
requirements  and  the  kink  resistance  to  allow  the  customer  to 
adequately  store  80  feet  of  buffer  tube  inside  the  closure. 

Figure  6  shows  the  results  of  the  evaluation  of  the  small  tubes 
utilizing  the  manual  kink  resistance  procedure.  The  results  show 
that  buffer  tubes  with  higher  compression  resistance  generally  had 
smaller  kink  diameters  (or  higher  kink  resistance).  The  results 
also  showed  that  MDPE  buffer  tubes  had  the  smallest  kink 
diameters  and  PP  buffer  tubes  had  the  largest  kink  diameters. 

Figure  6.  Summary  of  Small  Buffer  Tubes 
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Figure  7  shows  the  results  of  the  evaluation  of  the  large  buffer 
tubes  using  the  manual  kink  procedure.  The  results  again  show 
buffer  tubes  with  higher  compression  resistance  also  had  smaller 
kink  diameters.  It  is  also  apparent  that  buffer  tubes  with  larger 
inside  diameters  exhibited  larger  kink  diameters.  The  small  tubes 
had  kink  diameters  from  40-160  mm,  while  the  large  tubes 
exhibited  larger  kink  diameters  from  60-240  mm. 


Figure  7.  Summary  of  Large  Buffer  Tubes 


Figure  8  shows  the  wall  thickness  needed  for  different  materials  at 
various  levels  of  compression  resistance.  Tubes  manufactured 
with  MDPE  will  require  thicker  walls  to  maintain  the  minimum 
compression  resistance  of  1.0. 

Figure  8.  Wall  Thickness  Comparison 


0.0  1.0  2.0  3.0  4.0 

Compression  Resistance 


Based  on  the  manual  kink  testing  results,  MDPE  provided  the 
highest  kink  resistance  but  required  a  larger  wall  thickness  to 
achieve  the  minimum  compression  resistance.  The  PP  tubes 
required  a  thinner  wall  thickness  to  meet  the  minimum 
compression  resistance,  but  had  the  least  kink  resistance, 
exhibiting  the  largest  kink  diameters.  Figure  9  shows  a  summary 
of  the  kink  resistance  evaluation,  comparing  kink  diameter  and 
cable  diameter.  A  kink  diameter  of  less  than  100  mm  and  a  cable 
outside  diameter  (OD)  of  less  than  34  mm  were  requirements 
established  by  the  project  team.  PP  required  the  smallest  cable 
OD,  but  had  the  least  kink  resistant  tubes.  Tubes  made  of  MDPE 
had  the  best  kink  resistance  but  produced  large  cable  diameters. 
The  material  that  provided  the  optimum  combination  of 


compression  resistance,  kink  resistance  and  cable  diameter  was 
HDPE  and  it  was  selected  for  additional  field  test  evaluations. 

Figure  9.  Cable  OD  vs.  Kink  Diameter 
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4.0  Field  Testing  in  Closure  Prototypes 

After  the  kink  testing  results  were  complete,  additional  HDPE 
buffer  tubes  were  manufactured  and  evaluated  in  two  closure 
prototypes.  The  objective  of  the  evaluation  was  to  confirm  that 
the  selected  buffer  tube  could  be  adequately  coiled  and  placed 
inside  the  closure  prototypes  as  performed  in  an  actual  field  test. 
The  initial  target  was  the  successful  storage  of  four  20-foot  buffer 
tube  coils  or  80  total  feet  of  buffer  tube  inside  the  closure  without 
any  evidence  of  buffer  tube  kinking. 

4.1  Field  Test  Procedure 

Two  closure  prototypes  were  used  in  this  evaluation.  The  2- 
chamber  closure  contained  two  chambers  as  shown  in  Figure  10 
Each  chamber  was  28.0”  long,  2.4”  wide,  and  7.1”  tall.  The  2- 
chamber  closure  contained  a  total  volume  of  954  cubic  inches. 
The  1 -chamber  closure  contained  a  single  chamber  located  in  the 
middle  of  the  closure  also  shown  in  Figure  10.  The  single 
chamber  was  25.5”  long,  3.5”  wide,  and  9.3”  tall  for  a  total 
volume  of  830  cubic  inches. 


Figure  10.  Closure  Prototypes 


The  procedure  for  the  field  test  consisted  of  coiling  buffer  tubes 
into  various  coils  and  then  placing  the  coils  into  the  closure 
prototypes.  The  coils  had  to  fit  completely  into  the  closure  and 
the  buffer  tube  was  then  removed  and  inspected  for  any  evidence 
of  kinking.  Table  4  summarizes  the  procedures  that  were  utilized. 
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Table  4.  Summary  of  Field  Test  Procedures 


Closure 

Buffer  Tube 

Prototype 

Coil  Geometry 

1-chamber 

Ova! 

1-chamber 

Round 

2-chamber 

Oval 

2-chamber 

Round 

Figure  1 1  shows  pictures  of  the  oval  buffer  tube  coils  and  the 
round  buffer  tube  coils.  The  oval  coil  was  approximately  9  x  25 
inches,  while  the  round  coil  was  approximately  9  inches  in 
diameter. 

Figure  11.  Oval  and  Round  Coil  Geometry 


Figure  12  shows  a  round  coil  placed  in  the  2-chamber  closure 
prototype.  All  other  samples  were  inserted  into  the  closure 
prototypes  in  a  similar  fashion. 

Figure  12.  Round  Coil  in  2-chamber  Closure 


4.2  Field  Test  Results 

The  results  of  field  testing  in  the  two  closure  prototypes  were  very 
conclusive.  Table  5  shows  a  summary  of  the  testing.  For  each 
test  three  trials  were  performed  and  inspected  for  evidence  of 
kinking.  Based  on  the  results  round  coils  performed  better  than 
oval  coils  and  the  1 -chamber  closure  performed  better  than  the  2- 
chamber  closure.  However,  round  coils  were  very  difficult  and 
time  consuming  to  prepare.  Therefore,  the  chosen  field  test 
procedure  was  to  utilize  oval  coils  in  the  1 -chamber  closure 
design. 


Table  5.  Summary  of  Field  Testing 


Closure 

Buffer  Tube 

Evidence 

Prototype 

Coil  Geometry 

of  Kinking 

1 1-chamber 

Oval 

No 

1 -chamber 

Round 

No 

2-chamber 

Oval 

Yes 

2-chamber 

Round 

No 

The  final  closure  prototype  design  is  shown  in  Figure  13. 

Figure  13.  Final  1-chamber  Closure  Design 


5.0  Attenuation  Performance 

After  the  HDPE  buffer  tube  material  was  selected  based  on  the 
kink  resistance  study  and  the  1 -chamber  closure  design  was 
selected  based  on  the  field  testing  results,  the  final  step  in  the 
evaluation  was  to  determine  the  potential  for  attenuation  increases 
in  small-diameter  coils. 


5.1  Published  Attenuation  Standards 

There  are  several  industry  standards  that  address  attenuation 
performance.  A  typical  requirement  is  a  change  of  less  than  0.15 
dB/km  in  standard  cable  mechanical  testing  and  in  any  testing 
requiring  temperature  cycling.  Other  standards  include  some 
guidance  on  cable  termination  in  closures  and  some  closure 
specific  attenuation  requirements.  However,  no  standard 
specifically  addresses  attenuation  increases  associated  with  buffer 
tube  storage  inside  closures.  Additionally,  because  the  length  of 
buffer  tube  is  only  20  feet  for  each  tube,  characterization  of 
attenuation  performance  is  difficult. 

5.2  Attenuation  Performance  Procedure 

To  evaluate  attenuation  performance  a  procedure  was  developed 
specifically  for  storing  buffer  tubes  inside  closures.  To  conduct 
the  test,  buffer  tubes  were  placed  in  large-diameter  coils  and 
initial  attenuation  measurements  were  taken.  These  values  were 
utilized  to  simulate  the  attenuation  performance  of  an  installed 
cable  resting  in  a  duct  or  coiled  in  a  manhole.  The  buffer  tubes 
were  then  formed  into  small-diameter  coils,  and  placed  into  the 
closures  similar  to  the  field  testing  procedure  discussed  in  Section 
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4.0.  The  attenuation  was  measured  again  and  the  attenuation 
change  was  determined. 

5.3  Attenuation  Performance  Results 

The  results  from  the  evaluation  were  very  clear.  Table  6 
summarizes  the  results  utilizing  oval  and  round  coils  with  coil 
lengths  of  20  feet. 

Table  6.  Summary  of  Attenuation  Results 


Coil 

Geometry 

Coil 

Length 

(«) 

Temperature 

(°C) 

Attenuation 

Change 

(dB) 

Oval 

20 

23 

0.04 

Oval 

20 

-30 

0.11 

Oval 

20 

-40 

0.40 

Round 

20 

23 

0.01 

Round 

20 

-30 

0.04 

Round 

20 

-40 

0.10 

Both  the  oval  and  round  coils  showed  minimal  attenuation  change 
at  room  temperature,  23  °C.  In  the  oval  coil,  the  maximum  -30°C 
attenuation  change  was  0.11  dB  and  up  to  0.40  dB  at  ~40°C. 
While  the  increases  are  significant  and  measurable,  the  level  of 
increase  is  similar  to  a  splice  loss  and  should  be  included  in  splice 
loss  calculations  when  designing  the  network.  All  attenuation 
returned  to  the  initial  measurements  after  the  temperature  cycling 
was  completed. 

6.0  Conclusions 

The  development  of  a  buffer  tube  storage  solution  for  a  1728-fiber 
loose  tube  ribbon  cable  and  the  corresponding  1728-fiber  closure 
was  successful.  Kink  resistance  studies  for  various  buffer  tube 
materials  and  dimensions  were  conducted  to  select  the  optimum 
buffer  tube  for  the  1728-fiber  cable  design.  Field  testing  in 
closure  prototypes  was  also  conducted  to  select  the  most  robust 
closure  design  with  respect  to  buffer  tube  storage.  Finally, 
attenuation  testing  was  conducted  to  ensure  minimal  attenuation 
changes  with  buffer  tube  coils  stored  inside  the  final  closure 
prototype.  The  result  of  the  development  work  is  a  1728-fiber 
loose  tube  ribbon  cable.  The  cable  contains  four  HDPE  buffer 
tubes  with  432  fibers  per  tube.  Additionally,  the  final  closure 
design  can  contain  144  12-fiber  ribbon  splices  and  288  additional 
single  fiber  splices  with  adequate  space  for  storing  up  to  80  feet  of 
buffer  tube. 


7.0  References 

[1]  Logan,  “Evaluating  High  Fiber  Count  Cable  Designs  for  Field 
Performance,”  1998  NFOEC  Proceedings,  Volume  1,  pp.  385- 
395. 

[2]  Okuno,  etal.  “Development  of  Kink-Resitant  Non-Halogen 
Flame-Retardant  Optical  Fiber  Cord,”  2000 IWCS 
Proceedings,  pp.  1 87- 1 9 1 . 


Parke  K.  Strong  is  a  Product  Development  Engineer  in  the  Ultra- 
High  Fiber  Count  Ribbon  Cable  Development  group  at  the  Coming 
Cable  Systems  R,D&E  facility  in  Hickory,  NC.  Parke  received  his 
Bachelor  of  Science  degree  in  Mechanical  Engineering  from  North 
Carolina  State  University.  He  has  been  employed  with  Coming 
Cable  Systems  for  seven  years. 


Jason  C.  Lail  is  the  supervisor  of  Ultra-High  Fiber  Count  Ribbon 
Cable  Development  at  Coming  Cable  Systems  R,D&E  facility  in 
Hickory,  NC.  Jason  has  a  B.S.  degree  in  Mechanical  Engineering 
and  a  B.A.  degree  in  Business  Communication  from  North  Carolina 
State  University.  Jason  has  four  previous  publications,  over  40 
internal  technical  reports,  over  40  records  of  invention,  and  holds 
four  patents.  Jason’s  focus  is  on  evolutionary  high  fiber  count 
ribbon  cable  designs  and  revolutionary  designs  to  create  increased 
value  for  the  customer. 


International  Wire  &  Cable  Symposium 


701 


Proceedings  of  the  51  st  IWCS 


Mid-span  Access  Tool  Designs  and  Their  Impact  on  Fiber  Reliability 

Geoff  Witt,  Brian  Risch,  Bill  Chapman,  Pierre  Coat,  Ray  Lovie,  and  Bob  Overton 


Alcatel  Fiber  Optic  Technology 
Claremont,  NC  28610 


Abstract 

Mid-span  accessing  of  buffer  tubes  is  frequently  done  to  extract  a 
subset  of  the  fibers  inside.  The  buffer  tube  access  tools  used  for 
mid-span  access  have  three  requirements:  1)  they  must  open  the 
buffer  tube  to  allow  access  to  the  optical  fibers  inside,  2)  they  must 
not  interrupt  traffic  on  active  fibers,  and  3)  they  must  not  damage 
the  optical  fibers.  However,  many  mid-span  access  tools  cannot 
meet  all  three  of  these  requirements.  This  paper  presents  a 
detailed  study  of  the  potential  for  fiber  damage  resulting  from  the 
use  of  various  mid-span  access  tools  currently  used  in  the  field. 

Keywords 

Mid-span  access  tool,  branch,  blades,  fiber  damage,  reliability, 
drop,  buffer  tube. 

1.  Introduction 

This  study  of  fiber  damage  resulting  from  the  use  of  mid-span 
access  tools  was  undertaken  in  response  to  two  developments  in 
the  communications  industry.  The  first  development  is  the  fact 
that  mid-span  access  is  becoming  increasingly  more  common  as 
networks  spread  closer  to  the  end  user.  As  this  happens,  small 
numbers  of  fibers  (6,  4,  or  even  1)  are  dropped  off  of  feeder  lines. 
Since  buffer  tubes  typically  contain  12  fibers,  the  tube  must  be 
opened  in  mid-span  to  allow  the  desired  fibers  to  be  cut  and 
spliced  to  a  drop  cable. 


The  second  development  is  the  emergence  of  unique  cables 
especially  designed  to  carry  a  large  number  of  fibers  in  a  small 
cross-section.  These  “high  fiber  density”  cables  are  miniaturized 
to  take  advantage  of  unusual  right-of-ways  and  innovative 
installation  techniques  that  reduce  the  cost  of  deployment.  I’2'3'4and  5 
For  example,  special  cables  have  been  installed  in  sewers,  water 
lines,  gas  lines,  tiny  trenches  in  roadways,  and  in  miniaturized 
ducts6'7.  Instead  of  carrying  12  fibers  in  a  3mm  buffer  tube,  some 
of  these  cables  cany  24  fibers  in  a  2.4mm  buffer  tube,  or  12  fibers 
in  a  1 .5mm  buffer  tube. 


These  two  developments  create  an  urgent  need  for  a  reliable  and 
effective  mid-span  access  tool  that  can  address  buffer  tubes  with 
higher  packing  density.  In  order  to  develop  a  reliable  tool  for 
mid-span  access,  several  different  tools,  which  are  now  commonly 
used  in  the  field,  were  tested  with  the  buffer  tubes  they  were 


designed  to  open.  The  purpose  of  this  study  was  to  benchmark  the 
effectiveness  of  current  tools. 

2.  Variables 

Samples  of  loose  tube  optical  fiber  cable,  and  the  corresponding 
recommended  access  tools,  were  procured  from  three  major  cable 
manufacturers.  The  buffer  tubes  were  removed  from  the  cable 
structure  using  conventional  techniques,  and  each  manufacturer’s 
tool  was  used  to  access  the  buffer  tubes  for  which  it  was  designed. 
A  fourth  mid-span  access  tool,  expressly  designed  for  mid-span 
access  of  high  fiber  density”  buffer  tubes,  designated  as  “tool 
A2”,  was  also  tested  with  buffer  tubes  made  by  each  of  the  three 
cable  manufacturers.  Three  duplicate  tools  of  each  type  were 
paired  with  three  different  buffer  tubes,  e.g.  blue,  orange,  green,  to 
achieve  the  variation  in  tools  and  buffer  tubes  that  might  occur  in 
the  field. 


Standard  buffer  tubes  from  each  manufacturer  were  used.  Two  of 
the  cable  designs  used  a  3mm  tube  containing  12  fibers,  and  one 
design  used  a  2.8mm  tube  containing  12  fibers. 


Buffer  Tube 

Tool  #1 

Tool  #2 

Vendor  A 

3mm/ 12  fiber 

Tool  A1 

Tool  A2 

Vendor  B 

2.8mm/12  fiber 

Tool  B 

Tool  A2 

Vendor  C 

3  mm/1 2  fiber 

Tool  C 

Tool  A2 

Photographs  of  the  various  access  tools  and  respective  cutting 
channels  are  shown  in  Figures  1 A-C.  Tools  A1  and  A2  both  have 
a  blade  that  shaves  off  part  of  the  tube  with  minimal  intrusion  into 
the  tube  interior.  Tools  B  and  C  have  blades  that  cut  through  the 
tube  and  penetrate  substantially  into  the  tube  interior. 

Tool  A2  incorporates  design  features  that  makes  it  especially 
suited  for  mid-span  access  of  “high  fiber  density”  buffer  tubes. 
Specifically,  the  blade  is  designed  so  that  the  bottom  of  the  blade 
can  safely  contact  optical  fibers  during  access  without  causing 
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coating  damage.  This  is  achieved  by  positioning  the  cutting  edge 
of  the  blade  some  distance  above  the  bottom  of  the  blade.  This 
distance  is  the  “blade  edge  height”  and  is  illustrated  in  Figure  2 A. 
Additionally,  the  channel  of  Tool  A2  is  integral  to  replaceable 
inserts  that  are  precision  machined.  In  this  way,  the  depth  of  cut  is 
carefully  controlled  by  the  “step  height”  illustrated  in  Figure  2B. 
These  inserts  are  made  for  a  specific  buffer  tube  geometry  and  can 
be  easily  replaced  in  the  tool  depending  on  the  tube  that  is  to  be 
accessed.  Figure  3  illustrates  the  wide  range  of  tube  geometries 
that  can  be  accessed  with  tool  A2  and  a  series  of  inserts. 


Figure  1A:  Access  Tools  Al,  B,  and  C. 


A1  B  C 


Figure  IB:  Access  Tool  A2  in  Cae  with  2.5mm,  2.8mm,  and 
3.0mm  Inserts. 


Figure  1C:  View  Through  the  Access  Channels  of  the  Tools. 


Tool  Al  Tool  A2 


Tool  B  Tool  C 


Figure  2A:  Drawing  of  the  Cutting  Blade  Profile  of  the  High 
Fiber  Density  Access  Tool  A2. 


Figure  2B:  Illustration  of  the  Insert  Used  in  the  High  Fiber 
Density  Access  Tool  A2. 
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Figure  3:  An  Illustration  of  the  Range  of  Buffer  Tube  Sizes 
that  Can  be  Accessed  with  Each  Tool. 
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Tool  A1  Tool  A2  Tool  C  Tool  B 

Access  Tool 

A2  is  designed  for  use  with  buffer  tubes  having  fiber  densities 
greater  than  those  in  this  study  but  Tool  A1  is  not. 

With  the  level  of  coating  damage  observed  in  many  of  the  fibers 
that  were  damaged  by  access  tools,  there  is  a  significant 
reduction  in  the  protection  afforded  to  the  glass.  Since  fibers 
within  splice  enclosures  typically  see  the  increased  stresses  due 
to  lower  bending  radii  and  increased  handling,  coating  damage 
should  be  avoided  especially  in  fibers  that  do  not  have  the 
additional  protection  of  the  cable  and  buffer  tube. 


Figure  4:  Fiber  Damage  Observed  with  Various  Access 
Tools  and  Buffer  Tubes 


3.  Procedure 

First,  three  access  tools  of  each  type  were  paired  with  three  buffer 
tubes  from  the  same  cable.  Each  tool  was  then  used  to  open  a  2m 
length  of  buffer  tube  in  accordance  with  the  tool  manufacturer’s 
instructions.  The  fibers  were  carefully  removed  and  hung 
vertically  to  prevent  contact  with  damaging  surfaces.  Thirty-six 
accessed  fibers  were  obtained  for  each  toolmaker  /  buffer  tube 
maker  combination.  After  the  fibers  were  extracted  from  the 
opened  buffer  tube,  they  were  cleaned  with  gel  solvent  and 
alcohol.  Then,  the  entire  length  of  each  fiber  was  inspected  under 
a  microscope  at  lOOx  magnification,  to  look  for  signs  of  coating 
damage  resulting  from  fiber  contact  with  cutting  tool  blades. 

The  level  of  damage  was  noted  for  each  fiber.  Damage  was 
categorized  into  three  levels:  no  damage,  damage  to  the  secondary 
coating  only,  and  damage  to  both  secondary  and  primary  coating. 
Note  that  glass  damage  could  not  be  quantified  with  this 
inspection  method,  so  some  damage  recorded  as  primary  coating 
damage  may  actually  have  included  glass  damage  as  well. 
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4.  Results 

A  summary  of  the  damage  rates  observed  on  fibers  from  the 
various  tube  access  trials  is  shown  in  Figure  4.  The 
aforementioned  tool  for  “high  fiber  density”  buffer  tubes,  tool 
A2,  was  tested  on  all  tube  types  with  zero  fiber  damage  being 
evident.  In  contrast,  other  tools  produced  damage  rates  as  high 
as  97%.  Examples  of  coating  damage  observed  through  optical 
microscopy  are  shown  in  Figures  5  and  6. 

Tools  A1  and  A2  did  not  produce  observable  coating  damage  in 
the  tube  sizes  used  in  this  study.  The  reduction  in  fiber  damage 
rates  with  tools  A1  and  A2  is  explained  by  the  greatly  reduced 
penetration  of  the  cutting  blade  into  the  interior  of  the  tube  as 
well  as  by  the  design  features  described  previously.  An 
important  distinction  between  Tool  A1  and  Tool  A2  is  that  Tool 


Figure  5A:  Fiber  Damage  on  a  Red  Fiber  from  Tube  B 
Accessed  with  Tool  B. 
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Figure  5B:  Fiber  Damage  on  a  Blue  Fiber  from  Tube  B 
Accessed  with  Tool  B. 


Figure  6A:  Fiber  Damage  on  an  Orange  Fiber  from  Tube  C 
Accessed  with  Tool  C. 


The  fibers  accessed  with  the  different  tools  were  aged  for  50  days 
in  an  environmental  chamber  controlled  at  85°C  and  85%  relative 
humidity  in  order  to  assess  the  effects  of  the  coating  damage  on 
the  long-term  fiber  reliability  and  strength.  After  aging  the  fibers 
were  placed  in  the  chamber  in  a  stress-free  state  for  the  duration  of 
the  aging  period.  Following  the  accelerated  aging,  the  tensile 
strength  of  the  fibers  was  measured  per  the  procedure  of  FOTP- 
28C  for  half  meter  tensile  testing.  The  results  are  shown  in 
Figures  7A  -  7C.  Note  that  flaws  outside  of  the  half  meter  gauge 
length  would  not  affect  strength  measurements. 

Tube  A  fibers  show  little  difference  in  the  strength  distribution 
whether  accessed  with  Tool  A1  or  Tool  A2.  The  median  strength 
of  the  fibers  accessed  with  Tool  A1  is  somewhat  lower,  but  there  is 
an  absence  of  low  stress  breaks  that  might  have  been  a  result  of 
damage  from  either  tool. 

Tube  B  fibers  also  do  not  show  substantial  variation  in  median 
strength  when  accessed  with  either  Tool  A2  or  Tool  B.  However, 
several  large  flaws  in  fibers  accessed  with  Tool  B  were  indicated 
by  the  low  stress  breaks  in  the  tensile  distribution  as  shown  in 
Figure  7B. 

Tube  C  fibers  showed  the  most  substantial  variation  in  median 
strength  as  a  function  of  access  tool.  Tool  C  resulted  in  the  most 
severe  effects  on  fiber  strength,  where  several  flaws  of  a  strength 
less  than  200  kpsi  are  seen  in  this  36  fiber  data  set,  Figure  1C. 
Flaws  this  weak  can  lead  to  fiber  breaks  during  subsequent 
handling  of  the  fibers.  Again,  Tool  A2  did  not  cause  coating  or 
glass  damage  that  affected  the  tensile  strength  of  the  fibers  from 
tube  C  even  after  aging. 


Figure  6B:  Fiber  Damage  on  a  Green  Fiber  from  Tube  C 
Accessed  with  Tool  C. 


Figure  6C:  Fiber  Damage  along  a  Substantial  Length  of  an 
Orange  Fiber  from  Tube  C  Accessed  with  Tool  C. 


Figure  6D:  A  Section  of  Fiber  with  Secondary  Coating 
Almost  Entirely  Removed  by  Tool  C. 
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Figures  7A-C.  Tensile  Strength  After  50  Days  Aging 
85°C/85%  RH. 
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7B.  DYNAMO  TENSILE  STRENGTH,  TUBE  B  FIBERS 
FOTP-2SC 
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5.  Conclusions 

The  primary  conclusions  of  this  study  are: 

1.  Some  commonly  used  mid-span  access  tools  have  the 
potential  to  cause  severe  coating  damage. 

2.  Substantial  coating  damage  may  go  unnoticed  during 
normal  fiber  access  since  careful  inspection,  sometimes 
requiring  microscopy,  is  needed  for  detection. 

3.  Coating  damage  caused  by  access  tools  may  increase  the 
risk  of  fiber  breaks  due  to  static  fatigue,  handling,  or 
other  mechanical  forces  in  splice  closures. 

4.  A  survey  of  various  tool  technologies  available  to  the 
industry  and  a  concurrent  tool  development  effort  has 
produced  a  buffer  tube  access  tool  that  virtually 
eliminates  the  risk  of  coating  damage.  This  tool  is 
compatible  with  a  variety  of  buffer  tube  materials  and 
geometries. 

The  need  for  reliable  mid-span  access  tools  will  grow  more  acute 
as  fiber  densities  in  buffer  tubes  increase.  As  fiber  densities 
increase,  the  tolerance  inside  a  tube  for  an  invasive  cutting  tool 
decreases,  thereby  increasing  the  risk  of  coating  damage.  A 
flexible,  reliable,  access  tool  is  needed  to  ensure  that  as  fiber 
density  increases,  risk  of  fiber  damage  does  not.  This  research  has 
produced  a  tool  that  has  successfully  produced  reliable  and 
repeatable  tube  access  without  fiber  damage  with  tubes  of  vaiying 
geometry  and  from  various  manufacturers. 
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Abstract 

A  mass  fusion  splicer  has  been  developed  for  splicing  all  fiber 
counts  up  to  24-fiber  ribbon  and  including  single  fibers. 
Accessories,  including  a  cleaver,  hot  jacket  stripper,  and  fiber 
protection  sleeve,  have  also  been  developed  for  splicing  and 
protecting  24-fiber  ribbons.  The  splicer  is  designed  to  be  small  and 
light  weight,  and  is  capable  of  repeatable  and  reliable  performance 
in  harsh  field  conditions,  including  aerial  or  underground 
environments. 

1.  Introduction 

Until  recently,  the  demand  for  high  fiber-count  ribbon  cables 
constantly  increased.  To  meet  this  need,  cables  using  24-fiber 
ribbon  have  become  increasingly  common.  [1]  Initially,  these 
cables  contained  up  to  432  fibers,  but  recently,  864  fiber-count 
cables  have  been  deployed.  [2]  In  the  past  year,  cables  with  up  to 
1,728  fibers  have  been  demonstrated  utilizing  24-fiber  ribbon.  [3] 
However,  up  to  now,  no  splicer  has  been  capable  of  splicing 
24-fiber  ribbon.  Furthermore,  while  development  of  24-fiber  mass 
fusion  splicing  capability  was  previously  reported,  [4]  it  has 
previously  been  impossible  to  achieve  low  loss  splicing  of  all 
counts  of  fiber  (from  single  fibers  up  to  24-fiber  ribbons)  with 
conventional  arc  fusion  techniques.  This  paper  provides  details 
concerning  final  development  of  a  new  mechanism  known  as  EDS 
(Electrode  Driving  System)  that  has  been  developed  in  order  to 
achieve  acceptable  low  loss  splicing  for  all  fiber  counts  up  to 
24-fiber  ribbon. 

Another  difficulty  concerning  24-fiber  mass  fusion  splicing 
operations  is  that  hot  jacket  stripping  of  24-fiber  ribbon  requires 
double  the  stripping  pulling  force  as  compared  with  stripping 
1 2-fiber  ribbon.  Furthermore,  the  clamping  pressure  must  also  be 
significantly  higher  in  order  to  prevent  slipping  during  the 
stripping  operation.  A  new  mechanism  developed  to  address  these 
issues  is  also  introduced  in  this  paper. 

2.  EDS  -  Electrode  Driving  System 

2.1  Relation  between  Actual  Loss  and  the  Fusion 
Arc  Heating  Profile 

In  order  to  achieve  low  loss  splice  results  when  splicing  multiple 
fibers  simultaneously,  there  are  several  important  parameters. 
Examples  are:  the  pre-splice  fiber  offset,  cleave  angles,  arc  time, 
arc  power,  fiber  stuff  distance,  etc.  However,  the  most  important 
consideration  for  successful  ribbon  splicing  is  to  distribute 
adequate  and  uniform  heat  across  the  entire  ribbon  fiber  array.  If 
this  is  not  achieved,  it  is  difficult  to  obtain  consistent  low  splice 


loss  even  if  all  of  the  other  important  parameters  are  changed  and 
optimized.  Therefore,  in  order  to  splice  24-fiber  ribbons  with  low 
loss,  it  is  necessary  to  design  a  system  that  provides  adequate  and 
uniform  heat  across  the  entire  24-fiber  ribbon  array.  Figure  1  shows 
the  relation  between  actual  loss  and  the  arc  fusion  arc  heating 
profile. 


Figure  1.  Relation  between  actual 
loss  and  the  fusion  arc  heating 


2.2  Relation  between  Electrode  position  and  the 
Arc  Heating  Profile 

The  most  important  parameter  to  apply  heat  equally  across  all  the 
fibers  in  a  ribbon  is  the  electrode  position  relative  to  the  fibers. 
When  splicing  24-fiber  ribbons,  it  is  necessary  to  set  the  gap  between 
the  electrodes  as  well  as  the  offset  of  the  electrode  axis  (relative  to  the 
plane  of  the  fibers)  to  positions  suitable  for  24-fiber  ribbon. 

Figure  2  illustrates  the  various  temperature  regions  produced  across 
the  electrode  gap.  The  lower  part  of  Figure  2  illustrates  the  important 
considerations  of  the  electrode  position  relative  to  the  ribbon  fiber 
array  (i.e.,  electrode  gap,  and  the  electrode  axis  offset  relative  to  the 
plane  of  the  fibers).  The  fusion  arc  temperature  profile  has  a  typical 
characteristic  such  that  in  the  regions  close  to  the  tips  of  the  two 
electrodes,  the  arc  plasma  field  has  the  highest  temperature.  Therefore, 
when  splicing  with  the  plane  of  the  fibers  aligned  with  the  axis  of  the 
electrodes  (Electrode  Offset  =  0),  it  is  impossible  to  heat  all  fibers 
equally.  The  fibers  on  each  end  of  the  ribbon  array  (which  are  close  to 
electrodes)  are  exposed  to  very  high  heat,  and  consequently  they  melt 
too  much.  Fibers  in  the  center  of  the  ribbon  array  receive  either 
adequate  heat,  or  too  little  heat.  It  is  therefore  important  that  the 
electrode  gap  and  electrode  offset  are  set  at  suitable  positions  to  heat 
all  of  the  fibers  within  the  24-fiber  ribbon  equally. 
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Figure2.  Straight  Arc  Discharge  with  Wide  Gap 

The  temperature  distribution  across  the  ribbon  fiber  array  can  be 
analyzed  by  measuring  the  melt  back  amount  of  the  fibers  by  use  of  an 
arc  test.  Figure  3  shows  the  24-fiber  ribbon  image  that  is  produced 
after  a  melt  back  test  is  performed  when  the  electrode  positions  is 
suitable  for  24-fiber  ribbon.  In  this  case,  the  electrode  gap  is  wider 
than  the  width  of  24-fiber  ribbon,  the  electrode  offset  is  set  at  an 
acceptable  position,  and  other  techniques  are  used  to  stabilize  and 
control  the  arc  shape.  As  shown,  the  test  results  with  the  24-fiber 
ribbon  are  within  a  uniform  and  acceptable  melt  back  range. 
Unfortunately,  not  all  fiber  counts  from  single  fiber  splicing  through 
every  ribbon  size  all  the  way  up  to  24-fiber  ribbon  can  be  spliced  with 
this  electrode  position 


Figure  3.  Melt  Back  Results,  24-Fiber  Ribbon 
(Electrode  Position  Optimized  for  24-Fibers) 


Figure  4  shows  the  fiber  melt  back  image  for  16-fiber  ribbon  that 
results  from  an  arc  test  when  the  electrode  position  is  set  to  the 
position  established  as  suitable  for  24-fiber  ribbon.  As  this  test  result 
demonstrates,  the  electrode  position  optimized  for  24-fiber  ribbon 
is  not  suitable  for  16-fiber  ribbon.  Therefore,  fibers  at  both  ends  of 
the  16-fiber  array  are  melting  too  much.  With  this  condition,  it  is 
impossible  to  achieve  low  loss  splicing  of  16-fiber  ribbon.  In  order 
to  solve  this  problem,  either  the  electrode  gap  or  the  electrode  offset 
needs  to  be  changed  to  a  position  optimized  for  1 6-fiber  splicing. 


Figure  4.  Melt  Back  Results,  16-Fiber  Ribbon 
(Electrodes  Set  at  24-Fibers  Position) 


If  the  electrode  offset  relative  to  the  plane  of  the  ribbon  fibers  is 
varied,  the  temperature  variation  is  sudden.  Therefore,  adjusting 
the  electrode  offset  to  a  suitable  position  is  extremely  difficult  and 
may  not  produce  results  that  are  repeatable  and  stable.  Hence,  if 
the  electrode  offset  is  changed  in  order  to  heat  the  fibers  in  a 
16-fiber  ribbon  equally,  it  is  necessary  to  adjust  the  electrode  offset 
with  extremely  high  precision.  Therefore,  it  has  been  determined 
that  it  is  better  to  set  the  electrode  offset  position  relative  to  any  size 
ribbon  to  a  fixed  value  that  is  suitable  for  24-fiber  ribbon,  and  to 
adjust  only  the  electrode  gap  for  splicing  numbers  of  fibers  less 
than  24. 

Figure  5  shows  the  arc  test  result  for  16-fiber  ribbon  with 
adjustment  of  the  electrode  gap  to  an  adequate  position.  Clearly,  by 
changing  only  the  electrode  gap  position,  adequate  heat  can  be 
distributed  to  the  entire  16-fiber  ribbon  array. 

Similar  issues  can  be  observed  if  the  electrode  position  for  24-fiber 
ribbon  is  used  in  a  melt  back  test  for  12-fiber  ribbon.  Adequate  and 
uniform  heat  cannot  be  distributed  across  the  entire  12 -fiber  ribbon 
with  the  24-fiber  electrode  position.  Therefore,  it  is  necessary  to 
adjust  the  electrodes  to  an  adequate  position  for  12-fiber  ribbon.  It 
has  been  determined  that  adjusting  only  the  electrode  gap  (while 
leaving  the  electrode  offset  position  at  the  offset  value  previously 
established  for  24-fiber  splicing)  is  sufficient  to  achieve  adequate 
and  uniform  heat  across  the  entire  12-fiber  ribbon.  Figure  6 
illustrates  the  result.  Moreover,  it  has  been  confirmed  that  the 
12-fiber  electrode  gap  position  produces  an  adequate  and  balanced 
heat  distribution  for  splicing  all  numbers  of  fibers  less  than  and  up 
to  12-fiber  ribbon,  including  single  fiber  splicing.  This  indicates 
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that  the  new  splicer  has  a  single  balanced  and  adequate  electrode 
position  for  splicing  1-12  fibers  just  like  the  conventional  12-fiber 
splicer.  [5] 


Figure  6.  Melt  Back  Results,  12-Fiber  Ribbon 
(Electrode  Gap  Optimized  for  12-Fibers) 


Table  1.  The  Relation  Between  Electrode 


....  .  t0 

conditions  in  which  the  width  of  the  ribbon  fiber  array  is 

larger  than  the  electrode  gap.  Hence,  in  such  a  condition 
it  is  impossible  to  splice,  and  this  condition  is  not 
applicable. 

We  confirmed  from  the  developments  and  experiments  detailed 
above  that  all  ribbon  fiber  counts  as  well  as  single  fiber  splicing  can 
be  performed  with  three  electrode  gap  positions:  (1)  One  electrode 
position  is  suitable  for  splicing  1-12  fibers,  (2)  Another  electrode 
gap  position  is  optimized  for  16-fiber  ribbon,  (3)  A  third  electrode 
gap  position  is  utilized  for  24-fiber  ribbon  splicing.  Therefore,  the 
electrode  gap  must  be  moved  to  the  suitable  position  relative  to  the 
number  of  fibers  to  be  spliced.  Hence,  the  Mass  Fusion  Splicing 
System  features  the  new  automated  EDS  (Electrode  Driving 
System)  mechanism. 

2.3  Performance  of  1-24  Fiber  Ribbon  Splice 

Based  upon  the  experimental  results,  a  splicer  has  been  developed 
that  utilizes  EDS  in  order  to  automatically  set  the  electrode  gap  to 
the  appropriate  one  of  three  optimum  positions  (depending  upon 
the  number  of  fibers  to  be  spliced).  Single  mode  fiber  splice  loss 
results  for  this  splicer  are  shown  in  Figure  7,  Figure  8,  and  Figure  9 
for  24-fiber  ribbon,  16-fiber  ribbon,  and  single  fiber  splicing 
respectively.  In  each  case,  the  average  splice  loss  is  less  than 
0.02dB,  clearly  indicating  that  the  electrode  condition  is  suitable 
for  each  fiber  count. 


(24-Fiber  SMF  spliced  to  24-Fiber  SMF) 
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Figure  8.  Splice  Loss  Results 
(16-Fiber  SMF  Spliced  to  16-Fiber  SMF) 
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Figure  10.  Estimated  vs.  Actual  Loss 
(24-Fiber  SMF  Spliced  to  24-Fiber  SMF) 
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Figure  9.  Splice  Loss  Results 
(Single  SMF  Spliced  to  Single  SMF) 

The  correlation  between  estimated  and  actual  splice  loses  can  be 
seen  in  Figure  10  (in  this  case,  the  estimated  versus  actual  splice 
loss  data  is  for  the  24-fiber  SM  ribbon  splicing).  As  this  figure 
shows,  the  mean  difference  between  estimated  and  measured  splice 
loss  is  0.009dB. 


Splicing  tests  have  also  been  performed  with  12  and  24-fiber 
ribbons  containing  TrueWave  RS  fiber,  as  well  as  24-fiber  ribbons 
containing  LEAF  fiber.  This  test  data  is  shown  in  Figures  1 1-13.  In 
every  case,  the  average  splice  loss  is  less  than  0.05dB.  Hence,  we 
have  confirmed  that  use  of  the  Electrode  Driving  System  (EDS) 
allows  the  new  mass  fusion  splicer  to  achieve  performance  results 
when  splicing  1-24  fibers  ribbon  that  are  equivalent  to 
conventional  12-fiber  mass  fusion  results,  even  in  the  case  of  the 
more  difficult  to  splice  Non-Zero  Dispersion  fibers  such  as 
TrueWave  and  LEAF. 


Figure  11.  Splice  Loss  Results  for  TrueWave  RS 
(12-Fiber  Ribbon  Splicing) 
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Figure  12.  Splice  Loss  Results  for  TrueWave  RS 
(24-Fiber  Ribbon  Splicing) 
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Figure  13.  Splice  Loss  Results  for  LEAF 
(24-Fiber  Ribbon  Splicing) 


3.  Complete  Splicing  System 

The  splicing  process  for  24-fiber  ribbons  can  be  divided  into  4 
stages:  (1)  Strip  the  fiber,  (2)  Cleave  the  fiber,  (3)  Splice  the  fiber, 
and  (4)  Protect  the  fiber.  The  proper  tools  are  necessary  at  each 
stage  in  order  to  complete  each  part  of  the  24-fiber  ribbon  splicing 
process. 

3.1  Stripping  the  Fiber 

In  order  to  splice  up  to  24-fiber  ribbons,  a  stripping  tool  is  required 
that  is  capable  of  performing  the  stripping  task.  Unfortunately,  the 
stripping  force  required  to  strip  a  24-fiber  ribbons  is  significantly 
greater  than  that  required  to  strip  a  12-fiber  ribbon.  Therefore,  a 
stripping  tool  has  been  developed  with  a  power  assist  system, 
which  makes  it  easy  to  strip  24-fiber  ribbon. 


3.1.1  damping  Force 

When  stripping  a  traditional  12-fiber  ribbon,  an  operator  is 
required  to  clamp  the  fiber  in  a  fiber  holder  with  enough  force  such 
that  the  fiber  does  not  slip  through  the  fiber  holder  or  that  the 
blades  do  not  slip  during  the  stripping  process.  Therefore  the 
operator  must  clamp  two  lids  simultaneously  and  continuously. 

Figure  14  shows  about  the  relation  between  clamping  force 
required  to  strip  the  ribbon  and  ribbon  fiber  count.  An  operator  can 
easily  strip  the  fiber  easily  for  12-fiber  ribbon  and  lower  fiber 
counts.  However,  it  is  difficult  to  strip  24-fiber  ribbon  as  the 
clamping  force  for  24-fiber  ribbon  is  much  larger  than  other  ribbon 
fiber  counts.  To  solve  this  problem,  a  latch  was  added  to  both  lids. 
Once  enough  clamping  force  is  added  to  close  the  lids,  the  operator 
is  not  required  to  continuously  provide  a  clamping  force  to  the  lids, 
and  ensures  proper  clamping  force  regardless  of  the  operator’s  skill 
level. 


24  Fiber-  12Fiber-  8Fiber-  4Fiber-  2Fiber- 

Rlbbon  Ribbon  Ribbon  Ribbon  Ribbon 


Fiber  Count 


Figure  14.  Relation  between  clamping  force 
and  fiber  counts. 

3.1.2  Pulling  Force 

The  other  force  required  to  strip  the  24-fiber  ribbon  is  pulling  force. 
As  expected,  the  higher  the  fiber  count  of  the  ribbon,  the  more 
pulling  force  is  required.  This  pulling  force  is  the  largest  when  the 
stripping  process  is  started.  Figure  15  shows  about  relation 
between  pulling  force  and  ribbon  fiber  counts.  Since  requiring  an 
operator  to  consistently  apply  this  amount  of  force  to  strip  a  fiber, 
an  alternative  method  was  needed.  An  assist  mechanism  was 
attached  to  the  stripper  base  to  solve  this  problem  and  significantly 
reduce  the  strip  force  required  from  the  operator.  Figure  16 
illustrates  the  power  assist  on  the  ribbon  stripping  tool. 

By  pulling  the  assist  mechanism  lever,  it  is  possible  to  strip  the 
fiber  coating  easily.  The  pulling  force  required  to  strip  a  length  of 
ribbon  is  inversely  affected  by  the  length  of  ribbon  to  strip.  Figure 
1 7  illustrates  the  relationship  between  strip  length  and  pulling  force. 
The  shorter  the  length  to  strip,  the  higher  the  pulling  force  required. 
The  assist  mechanism  is  designed  such  that  a  limited  amount  of 
upward  pull  force  on  the  assist  lever  is  needed  to  strip  a  very  short 
length  of  ribbon. 
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Pulling  Force  vs.  Fiber  Count 


24Fiber-  12Fiber-  8Fiber-  4Fiber-  2Fiber- 

Rlbbon  Ribbon  Ribbon  Ribbon  Ribbon 


Fiber  Count 


Figure15.  Relation  between  pulling  force 
and  ribbon  fiber  count. 


Figure16.  Fiber  Stripper  with  locking 
latches  and  assist  lever 


strip  length  and  pulling  force 


3.2  Cleaving  the  Fiber 

Figure  18  shows  a  new  and  advanced  fiber  cleaver.  This  cleaver 
has  expanded  capability  in  order  to  cleave  up  to  24-fiber  ribbons. 
In  addition,  it  has  other  new  and  helpful  features.  For  example,  the 
new  cleaver  performs  precision  cleaving  with  just  a  simple  one-step 
operation.  The  only  action  required  by  the  operator  is  to  push 
downward  on  the  top  of  the  cleaver.  Cleaving  performance  is  the 
same  as  the  previous  high  precision  cleaver,  despite  the  greatly 
simplified  operation.  In  addition,  an  optional  cleaved-fiber  scrap 
recovery  attachment  is  available.  This  device  easily  recovers  each 
cleaved  fiber  scrap.  This  is  a  significant  benefit  for  ribbon  splicing 
in  which  case  each  cleaving  operation  results  in  multiple  cleaved 
fiber  scraps  that  must  otherwise  be  removed  manually  by  the 
operator.  This  feature  is  of  even  greater  benefit  when  cleaving 
24-fiber  ribbons.  In  addition,  cleaver  blade  life  is  much  longer  than 
previous  one. 


Figure  18.  Fiber  Cleaver 


3.3  Protecting  the  Fiber 

After  splicing  the  24-fiber  ribbon,  the  spliced  region  is  protected 
with  an  exclusive  new  splice  protection  sleeve.  The  splice 
protection  sleeve  for  24-fiber  ribbon  is  larger  in  width  than  former 
ribbon  splice  sleeves,  but  is  similar  in  thickness  to  the  splice 
protection  sleeve  for  12-fiber  ribbon.  Therefore  it  fits  into  many 
existing  splice  organizers  and  splice  storage  trays.  However,  due  to 
its  greater  size  and  thermal  mass,  the  new  sleeve  requires  more  heat 
for  the  shrinking  process.  A  completed  and  heat-shrunk  24-fiber 
splice  sleeve  is  shown  in  Figure  19. 
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Figure'll).  Fiber  Protection  Sleeve 


4.  Conclusions 

A  new  24-fiber  ribbon  splicer  has  been  developed,  capable  of 
splicing  ffom  1  to  24  fibers. 

1)  Stable  splicing  performance  with  low  loss  has  been 
realized,  even  with  Non-Zero  Dispersion  fibers.  This 
performance  is  achieved  by  use  of  the  Electrode  Driving 
System  that  ensures  a  suitable  electrode  position  and 
condition  relative  to  the  number  of  fibers  to  be  spliced. 

2)  The  splicer  is  small,  lightweight,  and  suitable  for  use  in 
harsh  outdoor  field  conditions,  including  high  wind 
environments. 

3)  The  new  stripping  tool  incorporates  a  power  assist  system, 
which  makes  it  possible  to  strip  24-fiber  ribbon  with  ease. 


4)  The  new  cleaver  provides  high-precision  cleaving 
performance  with  up  to  24-fiber  ribbons,  greater  ease  of 
use  than  the  previous  model,  a  scrap  disposal  system  that 
provides  great  convenience  for  ribbon  splicing,  and 
improved  maintenance  features. 

5)  The  new  tube  heater  system  and  24-fiber  splice  protection 
sleeve  provide  the  same  heat  shrink  time  as  with  previous 
ribbon  splice  sleeves,  therefore  doubling  productivity  of 
the  heat  shrink  process  relative  to  12-fiber  splicing. 
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Abstract 

In  this  paper,  we  investigate  and  evaluate  two  alternative  depth  data 
sources  for  the  use  in  terrain  modelling  to  be  used  for  advanced 
fiberoptic  underwater  cable  installation  along  the  Norwegian  coast. 
We  have  shown  that  a  new  method  using  depth  data  available  from 
the  Norwegian  Hydrographic  Service  in  so-called  fair  sheets 
combined  with  limited  on-site  corrective  depth  measurements  with 
the  cable  ship’s  single  beam  echosounder  equipment,  is  suitable  for 
this  purpose.  As  a  consequence,  the  multibeam  echo  sounder  survey 
is  avoided,  thereby  reducing  the  costs  significantly.  We  also 
describe  methods  for  remote  assistance  during  laying  which  may 
contribute  to  the  reduction  of  costs. 

Keywords 

Underwater;  installation;  cost-effective. 

1.  Introduction 

Telenor  Network  has  through  the  last  10-12  years  used  an 
advanced  concept  for  fibreoptic  underwater  cable  installation  in 
our  rugged  coastal  underwater  terrain.  The  details  of  the  concept 
have  been  presented  several  times  at  IWCS  [1],  [2],  [3],  In  the 
later  years  we  have  investigated  the  possibility  of  simplifying 
parts  of  the  installation  process  in  order  to  achieve  lower  cost  and 
at  the  same  time  maintain  the  high  quality  of  the  installation. 

A  major  and  important  task  is  to  provide  an  adequate  description 
of  the  rugged  sea  bottom  terrain  along  the  cable  routes.  Earlier  a 
survey  ship  used  to  perform  a  multibeam  echo  sounder  survey  of 
the  seabed  from  which  detailed  route  maps  were  calculated  by 
advanced  data  processing.  Evidently  this  is  costly,  time 
consuming  and  possibly  in  many  cases  an  “overkill”  with  respect 
to  the  amount  of  depth  data  actually  needed. 

In  this  paper  we  present  and  describe  a  new  and  more  simple 
method  of  calculating  the  route  maps  and  the  detailed  bottom 
profiles  along  which  the  cables  are  laid. 

2.  Depth  data  sources 

If  a  survey  ship  performs  multibeam  echo  sounder  (MBE)  scans  of 
the  sea  bottom  along  the  cable  route,  large  amounts  of  data  are 
generated.  Subsequent  data  processing  results  in  a  detailed 
topographical  map  of  the  sea  bottom,  from  which  the  accurate 
bottom  profile  along  the  selected  cable  route  may  be  calculated.  All 
depth  data  are  given  in  the  World  Geodetic  System  (WGS-84),  the 
official  worldwide  international  horizontal  datum  at  sea. 


This  method  for  data  gathering  results  in  accurate  information,  but  is 
costly,  and  requires  a  long  planning  time. 

Another  possibility  is  to  use  depth  data  available  from  the 
Norwegian  Hydrographic  Service  (NHS),  contained  in  so-called 
hydrographical  fair  sheets.  The  fair  sheets  include  considerable 
amounts  of  bathymetric  data  collected  during  the  surveying 
operations  performed  by  NHS.  Coastlines  are  also  included  as  well 
as  other  useful  sailing  information. 

The  graticule  of  the  fair  sheets  has  been  drawn  in  different 
horizontal  datums.  Up  to  1957,  Norwegian  Datum  was  used, 
whereas  newer  charts  have  been  drawn  in  European  Datum,  ED-50. 
In  later  years,  the  graticule  is  drawn  in  WGS-84.  As  a  result  of 
improved  surveying  methods,  the  amount  of  data  in  the  fair  sheets  as 
well  as  the  accuracy  of  the  data,  has  increased  during  the  years. 

Copies  of  hydrographic  fair  sheets  may  be  obtained  upon 
application  to  NHS  which  will  be  forwarded  to  naval  authorities  for 
approval. 

This  alternative  method  for  data  gathering  is  far  less  costly,  and 
provided  that  the  accuracy  is  satisfactory,  it  stands  out  as  preferable. 

3.  Comparison  of  data 

3.1  Purpose  of  bathymetric  data 

The  purpose  of  the  bathymetric  data  base  is  diverse.  It  should 
provide  an  adequate  description  of  the  sea  bottom  terrain  in  order  to 
be  able  to  select  an  optimal  cable  route.  Also,  it  should  provide  a 
good  prediction  of  the  cable  length  necessary  for  the  installation. 

The  most  important  quality,  however,  is  the  ability  to  provide  the 
accurate  bottom  profile  along  the  full  length  of  the  chosen  cable 
route,  since  this  profile  is  used  for  calculating  the  cable  pay  out 
during  laying.  It  is  recognized  that  the  quality  of  the  installation 
depends  to  a  great  extent  on  the  accuracy  of  this  parameter. 

The  total  amount  of  depth  data  constitutes  a  terrain  model  which  is 
used  to  generate  a  three-dimensional  surface  grid.  This  grid  is 
accordingly  used  for  calculating  the  sea  bottom  topography  and 
other  terrain  features  such  as  cable  route  depth  profile  and  total 
cable  length. 

In  order  to  be  able  to  handle  the  data  electronically,  the  individual 
depths  are  characterized  with  its  position;  that  beeing  northing  and 
easting  coordinate  values,  and  its  depth  value.  All  data  points  should 
be  given  in  the  horizontal  datum  used  by  the  cable  ship,  which  we 
have  chosen  to  be  WGS-84. 
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3.2  Number  of  data  points 


3.2.1  Fair  sheets.  In  Figure  1  is  shown  the  layout  of  the  fair 
sheet  covering  the  area  near  one  of  the  landing  points  for  a  cable 
route  on  the  west  coast  of  Norway.  The  total  number  of  depth  data 
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Figure  1.  Fair  sheet  with  depth  data. 


points  is  132,  which  constitutes  the  terrain  model  in  this  case.  A 
MSE  survey  was  performed  on  a  selected  part  of  this  area. 


3.2.2  MS  E-survey. 


6996100 


O) 

C 

IE 

o 


6995900 


6995700 


69955001 


6995300H 


444100  444300  444500  444700  444900 

Easting 

Figure  2.  MSE-survey  with  depth  data. 


In  Figure  2  are  shown  5  %  of  the  data  points  from  the  MSE 
survey  in  the  same  area.  The  total  number  of  data  points  in  this 
case  is  119500,  which  constitutes  the  terrain  model  in  this  case. 
We  note  that  there  are  approximately  3  orders  of  magnitude  more 
data  points  in  the  MSE  model  compared  with  the  FS  model. 


3.3  Contour  maps 

3.3. 1  Fair  sheets.  We  have  used  standard  scientific  contouring 
PC-software  to  create  a  3D  surface  grid  from  the  FS  terrain 
model,  and  a  contour  map  of  the  FS  area  has  been  constructed.  In 
Figure  3  is  shown  the  contour  map  drawn  inside  the  selected  area. 
The  contour  interval  is  5  m. 


Figure  3.  Contour  map  from  fair  sheet. 

3.3.2  MSE-survey.  Similarly,  we  have  created  a  surface  grid 
from  the  MSE  terrain  model  and  have  constructed  a  contour  map 
of  the  same  selected  area.  In  Figure  4  is  shown  the  contour  map  of 
the  selected  area.  The  contour  interval  is  5  m. 

We  note,  surprisingly,  the  great  similarity  between  the  FS  contour 
map  and  the  MSE  contour  map,  considering  the  large  difference 
in  number  of  data  points  in  the  two  terrain  models. 

We  observe,  however,  that  the  MSE  map  is  more  distinct  and 
shows  better  and  more  correctly  the  steeper  slopes  which 
separates  raising  terrain  formations. 

It  is  also  evident  that  the  FS-map  does  show  the  terrain  formations 
sufficiently  accurate  to  select  the  most  suitable  cable  route  near 
the  landing  point. 
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Figure  4.  Contour  map  from  MSE-survey. 

3.4  Depth  profile  along  cable  route 

When  the  cable  route  is  selected,  the  cable  route  depth  profiles  can 
be  calculated  using  the  surface  grids.  We  have  calculated  the  FS 
depth  profile  on  basis  of  the  FS-grid,  and  the  MBE  depth  profile  on 
basis  of  the  MBE-grid  through  the  full  length  of  the  cable  route.  In 
Figure  5  are  shown  the  two  profiles  near  both  landing  points. 

LANDING  A 
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Figure  5.  Calculated  bottom  profiles 
near  landing  points. 


We  observe  that  the  FS-profile  closely  follows  the  MSE-profile, 
except  from  smaller  areas  along  the  slopes.  However,  even  here  the 
discrepancies  are  rather  small. 

In  the  middle  part  of  the  cable  routes,  in  areas  where  the  variations 
in  the  depth  profile  are  less  pronounced,  we  have  found  as  a  general 
rule  that  the  FS-profile  is  very  close  to  the  MSE-profile. 

It  is  thus  possible  to  use  the  as-calculated  FS-profile  for  the  cable 
laying  through  a  major  part  of  the  cable  route.  However,  during 
cable  laying  we  depend  on  high  accuracy  in  all  parts  of  the  of  the 
depth  profile,  and  therefore  a  correction  of  the  profile  should  be 
made  in  areas  where  the  slopes  of  the  depth  profile  are  pronounced. 

Clearly,  it  is  possible  to  use  the  uncorrected  FS-profile  for  the 
precalculation  of  total  cable  length. 

3.5  Method  for  correcting  FS-profile 

It  is  widely  recognized  that  the  depth  profile  along  one  specific 
line  can  be  accurately  measured  with  a  narrow  single  beam  echo 
sounder  (SBE).  It  is  possible  with  SBE  equipment  to  obtain  depth 
values  with  accuracy  equivalent  to,  or  better,  than  the  accuracy  in 
a  MSE-survey. 

The  cable  ship  is  equipped  with  SBE  which  we  use  for  correcting 
depth  measurements  near  the  landing  points  and,  if  necessary, 
elsewhere  along  the  cable  route. 

By  studying  the  fair  sheets  data  and  the  thereof  calculated  contour 
maps  and  depth  profiles,  we  decide  which  part(s)  of  the  route 
should  be  pointed  out  for  corrective  measurements. 

These  measurements  are  performed  at  the  time  when  the  cable 
ship  is  on  site  for  the  actual  cable  laying.  The  normal  pre-laying 
procedure  for  the  cable  ship  is  to  check  the  navigational  sailing 
and  landfall  conditions.  Adding  to  these  routines,  the  corrective 
depth  measurements  impose  little  extra  time  consumption. 

The  measurement  data  are  transferred  to  a  remote  assistant  by 
means  of  high  speed  data  transmission  in  Telenor’s  cellular  phone 
network.  Corrective  depth  data  are  inserted  into  the  FS-profile 
and  a  new  and  more  accurate  depth  profile  is  constructed  and 
returned  to  the  cable  ship.  This  takes  only  a  minimum  of  time, 
thereby  allowing  the  cable  ship  to  continue  its  preparation  for 
cable  laying  without  delay. 

4.  Remote  assistance 

We  are  exploring  the  possibilities  of  using  remote  assistance  of 
expert  knowledge  in  order  to  reduce  personnel  on  board  and  travel 
costs. 

As  pointed  out,  we  now  use  routinely  Telenor’s  cellular  phone  high 
speed  data  link  system  to  exchange  data  in  connection  with  the  on¬ 
site  FS  depth  profile  correction. 
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We  also  routinely  use  online  laying  support  via  celluar  phone.  In 
order  to  facilitate  the  on-line  laying  support,  we  have  developed  a 
lap-top  based  combined  3D/2D  view  of  the  laying  process. 


Figure  6:  3D  views  of  cable  laying 


Using  the  3D  module,  we  are  able  to  monitor  the  cable  laying  from 
any  wanted  angle  of  view,  which  give  an  excellent  overview  of  the 
current  laying  situation.  This  point  is  illustrated  in  Figure  6, 
showing  the  cable  ship  from  two  different  view  angles. 

Simultaneously,  we  are  able  to  watch  a  synchronous  2D  view  of  the 
laying  as  shown  in  Figure  7.  In  the  2D  view,  the  cable  catenary  and 
the  bottom  slopes  stand  out  clearly  thus  adding  a  valuable 
supplement  to  the  3D  view. 


i 

0.100 


Figure  7:  2D  view  of  cable  laying. 


5.  Conclusions 

We  have  investigated  and  compared  bathymetric  data 
available  from  the  Norwegian  Hydrographic  Service  in  so- 
called  fair  sheets  (FS)  with  data  from  a  full  multibeam  echo 
sounder  survey  (MSE).  The  data  point  density  were 
typically  3  orders  of  magnitude  higher  for  the  MSE  data  set 
compared  with  the  FS  data  set.  We  utilised  standard 
scientific  terrain  modelling  PC-software  for  calculating 
cable  route  maps  and  bottom  profiles  using  the  vastly 
different  data  point  densities. 

The  results  have  shown  that  the  FS  data  point  density  is 
sufficient  to  give  a  adequate  description  of  the  terrain  which 
allows  for  a  optimal  cable  route  selection  and  an  accurate 
total  cable  length  pre-calculation.  Even  the  calculated  FS 
bottom  profile  follows  closely  the  MSE  bottom  profile  for 
most  parts  of  the  cable  routes. 

However,  in  order  to  determine  the  bottom  profile  with  high 
accuracy  in  all  areas,  corrections  have  been  made  on  the 
pre-calculated  FS-profile.  By  studying  the  fair  sheets  and 
the  thereof  calculated  maps,  we  locate  part(s)  of  the  depth 
profile,  commonly  near  the  landing  points  where  the  slopes 
are  steep,  where  better  accuracy  is  required.  In  these  areas, 
the  profile  is  measured  on  site  by  the  cable  ship’s  single 
beam  echo  sounder  just  prior  to  cable  laying. 

Corrective  depth  data  are  transferred  to  a  remote  assistant 
via  Telenor’s  cellular  phone  high  speed  data  link  system,  and 
a  new  and  accurate  profile  is  constructed  and  returned  to  the 
cable  ship  within  few  minutes. 
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We  have  explored  the  feasibility  of  remote  assistance  of 
expert  knowledge  during  cable  laying.  We  now  use 
routinely  the  Norwegian  cellular  phone  high-speed  data  link 
system  for  exchange  of  data  in  connection  with  on-site 
profile  building  as  well  as  online  support  during  laying.  We 
have  in  addition  developed  a  combined  3D/2D-view  of  the 
cable  laying  process  in  order  to  facilitate  remote  assistance. 

6.  Acknowledgments 

Special  thanks  to  Magnar  Greve,  Telenor,  who  is  responsible 
for  the  operation  of  Telenor’s  cable  laying  system  on  board 
the  cable  ship. 


7.  References 

[1]  Svend  Hopland  and  Albert  Klykken:  "Installation  of 
submarine  fiberoptic  cables  in  rugged  coastal  terrain". 
Proceedings  IWCS  1992,  Reno  Nevada,  pp.  492-496. 

[2]  Svend  Hopland:  "Investigation  of  cable  behaviour  in 
water  during  laying  of  fiberoptic  submarine  cables". 
Proceedings  IWCS  1993,  St.  Lois  Missouri,  pp.734- 
739. 

[3]  S.  Hopland:  “Alter  course  cable  behaviour  in  water 
during  laying  of  fiberoptic  submarine  cables.” 
Proceedings  IWCS  1995,  Philadelphia,  Pennsylvania, 
pp.592-598. 


International  Wire  &  Cable  Symposium 


720 


Proceedings  of  the  51st  IWCS 


High-Voltage  Performance  and  Reliability  of  Insulated  Products 

in  Undersea  Cable  Systems 


Steven  Bernstein,  Mitchell  L.  Jackson,  Maurice  E.  Kordahi,  Chung-Shin  Ma, 

Seymour  Shapiro,  Qian  Zhong 

Tyco  Telecommunications  (US),  Inc. 

Eatontown,  New  Jersey 


Abstract 

Undersea  cable  systems  are  constructed  with  a  series  of  cable, 
optical  amplifiers,  and  joints.  These  systems  are  typically 
operated  with  considerably  high  DC  voltages  since  optical 
amplifiers,  essential  to  the  transmission  of  the  communication 
signal  and  located  at  periodic  intervals  within  the  system,  are 
powered  from  shore  stations.  High-voltage  breakdown  of  the 
power  path  is  catastrophic  and  generally  renders  the  system 
inoperable.  The  long  design  service  life  and  extremely  low  repair 
allowance  place  a  very  stringent  requirement  on  the  performance 
and  reliability  of  insulated  components,  such  as  cable  and  joints, 
in  these  systems.  In  this  work,  we  report  our  recent  study  on 
critical  factors  influencing  the  high-voltage  breakdown  of  these 
insulated  components  as  well  as  those  impacting  the  prediction  of 
service  lifetime. 

The  initial  phase  of  the  program  emphasized  the  development  of  a 
reproducible  and  reliable  test  protocol.  Using  the  established 
methodology,  we  then  examined  the  insulated  components  under 
accelerated  test  conditions.  The  high-voltage  performance  was 
evaluated,  and  potential  failure  mechanisms  were  further  studied, 
both  analytically  through  material  characterizations  and 
statistically  by  correlating  them  to  the  breakdown  data.  These 
findings  are  significant  in  the  accomplishment  of  our  robust 
design  of  products,  as  well  as  contribute  to  the  fundamental 
understanding  of  high-voltage  DC  insulation  breakdown 
phenomena. 

Keywords 

Undersea  cable  systems;  high-voltage  performance  and  reliability; 
insulation  materials;  polyethylene;  DC  electrical  breakdown;  cable 
and  joints 

1.  Introduction 

The  use  of  optical  amplifiers  in  undersea  telecommunication 
systems  requires  that  they  be  powered  by  high  DC  voltage,  which 
must  be  insulated  from  the  sea  ground.  A  number  of  insulated 
components  are  used  in  a  typical  undersea  system.  For  example, 
polyethylene  jacketed  cable  is  connected  with  polyethylene 
overmolded  joints  to  ensure  optical,  electrical,  and  mechanical 
continuity.  Each  component  has  a  unique  geometry,  and  therefore 
a  different  electrical  field  stress,  when  the  system  voltage  is 
applied.  Furthermore,  the  selection  of  materials  and  processing 


conditions  can  vary,  making  it  challenging  to  characterize  the 
high-voltage  performance  of  the  overall  system  [1]. 

To  further  complicate  testing,  DC  high-voltage  test  methodology 
for  undersea  system  components  is  specific  to  each  component,  as 
they  have  their  unique  material,  manufacturing,  and  electrical 
characteristics.  Much  ambiguity  is  further  introduced  when 
various  test  setups  are  considered  [2]. 

In  this  paper,  we  report  our  continuing  effort  with  a  systematic 
approach  to  address  the  robustness  of  insulated  components  used 
in  undersea  cable  systems.  By  standardizing  the  test  protocols 
used,  we  will  demonstrate  that  our  preliminary  results  provide  a 
more  reliable  benchmark  for  the  high-voltage  performance  of 
various  insulated  components  used  in  our  system.  We  will  also 
report  our  initial  results  attempting  to  delineate  the  effects  of 
materials  and  processing  conditions  on  the  electrical  properties  of 
the  insulation.  Lastly,  our  data  of  various  insulated  components 
illustrate  that  the  overall  undersea  cable  system  has  a  significant 
design  margin  in  its  high-voltage  performance. 

2-  Test  Protocol 

2.1  Test  Methods 

Two  test  regimes  were  used:  DC  ramp-to-failure  (RTF)  test  and  DC 
lifetime  (LT)  test.  In  both  cases,  samples  of  insulated  components 
were  submerged  in  artificial  ocean  solution  whose  salinity  and 
conductivity  are  typical  of  ocean  environments.  High  voltage, 
typically  negative  in  polarity,  was  applied  to  the  conductor.  In  RTF 
tests,  voltage  was  ramped  at  a  constant  rate,  typically  60  kV/min 
until  the  breakdown  occurred.  In  LT  tests,  constant  voltage  was 
applied  to  the  samples,  and  time  to  breakdown  was  monitored. 

2.2  Sampling  Statistics 

Weibull  statistics  were  used  to  model  the  breakdown  data. 
Undoubtedly,  more  data  points  would  provide  more  accurate 
representation  of  the  “true”  probability  distribution  and  most 
likely  increased  confidence  levels.  Nevertheless,  constraints  such 
as  resource  availability,  cost,  sample  quantity  available  for  testing, 
and  time  etc.,  preclude  us  from  arbitrarily  increasing  the  sample 
size.  With  an  assumption  that  test  accuracy  is  high  and  variability 
is  small  and  thus  negligible,  we  used  a  Monte  Carlo  method  to 
determine  the  bounds  on  the  slope  (P)  and  characteristic 
breakdown  voltage  (T|)  of  the  Weibull  distribution  by  varying  the 
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number  of  samples.  Our  analysis  indicated  that  a  sample  size  of 
10  provides  a  good  compromise  between  an  accurate 
representation  of  probability  distributions  and  the  diminishing 
return  at  a  considerably  increased  price  of  a  relatively  small 
accuracy  and  confidence  enhancement. 


2.3  Termination  Preparation 

When  high  voltage  is  applied  to  test  samples,  particularly  in  the  case 
of  RTF  test  of  insulated  components  with  significantly  high 
breakdown  voltage  (e.g.,  >200  kV),  proper  termination  preparation 
is  critical  in  ensuring  the  minimization  of  voltage  “flashover”  and 
“triple-point”  breakdown  (a  triple  point  is  defined  as  insulation,  air, 
and  water  interface),  commonly  known  artifacts  of  the  test. 


Figure  1:  Schematic  of  test  sample 
configuration 


Several  strategies  were  employed  to  eliminate  flashover  and 
triple-point  failures  in  long-term  tests,  and  to  raise  the  threshold 
voltage  of  these  termination  failures  during  RTF  tests  to  allow 
failure  of  the  insulated  product.  Among  the  techniques 
investigated  were: 

1)  Greater  termination  length,  measured  from  the  water  surface  to 
the  electrode,  resulted  in  higher  RTF  voltage.  Increased 
termination  length  tends  to  raise  the  threshold  voltage  of  direct 
water-to-el ectrode  flashover  (independent  of  the  cable),  and 
provides  a  longer  path  for  resistive  grading  of  surface  charge. 

2)  The  use  of  a  field  (or  stress)  control  tube  (SCT)  that  is  applied 
coaxially  over  the  cable  termination.  When  electrically  connected 
to  the  electrode  and  water,  the  SCT  can  provide  resistive  grading 
to  prevent  charge  accumulation  that  could  lead  to  overstress  or 
corona  discharge.  The  use  of  various  SCT  configurations, 
however,  did  not  show  significant  improvement  in  flashover 
suppression. 

3)  Initially  a  U-shaped  sample  configuration,  with  terminals 
widely  separated,  was  employed  for  RTF  tests;  this  configuration 
exhibited  no  shielding  effect  at  all.  Configuring  two  or  more 
cable  terminations  (at  isopotential)  in  parallel  (Figure  1),  in  close 
proximity,  demonstrates  a  significant  shielding  effect.  As  a  result, 
the  threshold  voltage  for  flashover  was  observed  to  increase. 
Triple-point  breakdown  voltage  was  also  much  increased  in  the 
parallel  termination  configuration. 

4)  Application  of  an  oil  layer  above  the  water  surface  gave  mixed 
results.  Oil-water  interface  failure  usually  occurred  with 
flashover;  this  is  believed  to  be  related  to  leakage  current  at  the 
dissimilar  liquid  interface. 

3.  Test  Results 

3.1  Electrical  Field  Stress  of  Samples 

The  samples  used  for  the  study  are  the  representative  insulated 
components  in  undersea  cable  systems.  They  are  designated  as 
Insulated  Components  A  through  D,  as  they  differ  in  geometry, 
material,  and  processing  conditions.  The  electrical  field  stresses 


generated  in  these  samples  at  the  test  voltages  are  summarized  in 
Tables  1  and  2  below: 


Table  1.  Electrical  Field  Stress  of  RTF  Test 


Sample 

Testing 
Voltage  (kV) 

Field  Stress 
(kV/mm) 

Insulated  Component  A 

<800 

280 

Insulated  Component  B 

<500 

325 

Insulated  Component  C 

<300 

180 

Insulated  Component  D 

<400 

265 

Table  2.  Electrical  Stress  of  LT  Test 


Sample 

Testing  Voltage 
(kV) 

Field  Stress 
(kV/mm) 

Insulated 
Component  A 

500,  200,  150,  120, 
100 

176,  70,  53,42, 

35 

Insulated 
Component  B 

100 

65 

Insulated 
Component  C 

100 

85 

Insulated 
Component  D 

100 

65 

3.2  Test  Conditions 

In  RTF  tests,  samples  were  usually  controlled  in  a  water  bath  at 
room  temperature.  To  evaluate  material  capability,  RTF  tests  at 
different  temperatures  were  also  performed.  For  the  LT  test, 
temperature  control  is  critical.  Without  temperature  control,  the 
breakdown  life  (time  to  failure)  may  have  a  10  to  15%  error.  To 
minimize  this,  ideally,  a  cooling/heating  system  is  needed  to 
control  the  temperature  of  the  water  tank.  A  more  cost  effective 
approach  is  to  set  the  water  temperature  at  different  levels  above 
room  temperature  in  the  test,  and  to  use  steam  to  control  the  tank 
temperature  in  a  narrow  range.  Two  to  three  temperature  levels 
were  planned  for  each  of  the  voltage  level  of  the  LT  test. 
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For  RTF  test,  the  rate  of  the  voltage  ramp  was  about  60  kV/min. 
Flashover  was  monitored  carefully  during  each  RTF  test. 

3.3  Test  Data 

3.3.1  Component  benchmarking.  Table  3  summarizes 
characteristic  RTF  breakdown  voltage  for  the  components  tested 
at  room  temperature. 


Table  3  Summary  of  RTF  Breakdown  Voltages 


Sample 

Low  Breakdown 
Voltage  (kV) 

High  Breakdown 
Voltage  (kV) 

Insulated 
Component  A 

- 

>500 

Insulated 
Component  B 

245 

500 

Insulated 
Component  C 

185 

260 

Insulated 
Component  D 

350 

360 

3.3.2  Effect  of  temperature.  The  sea  bottom  temperature  is 
fairly  uniform  at  about  4  C  except  near  the  shores  and  volcanic 
hot  spots.  The  insulated  product  is  sometimes  exposed  to  20  C 
near  the  shore.  This  is  also  where  the  voltages  are  typically  the 
highest.  Therefore  ambient  temperature  testing  is  appropriate,  and 
modestly  conservative.  The  literature  shows  that  insulation 
properties  increase  exponentially  with  temperature  decrease 
between  40  and  4  C.  However,  most  of  the  data  was  taken  with 
AC  voltage  loads. 


temperatures.  Results  are  reported  herein  for  Insulated 
Component  C,  which  contains  multiple  interfaces.  Figure  2 
shows  that  the  characteristic  RTF  breakdown  voltage  [the 
characteristic  breakdown  voltage  is  defined  as  the  voltage  at 
which  the  cumulative  probability  of  failure  is  equal  to  l-(l/e),  or 
0.632]  of  about  253  kV  at  4  C  vs.  229  kV  at  20  C  vs.  204  kV 
at  40  C. 

The  Insulated  Component  C  samples  were  also  tested  at  100  kV  at 
18  and  4  C.  The  characteristic  time  to  failure  was  about  4  hr.  at 
18  C  compared  to  about  29  hr.  at  4  C,  as  shown  in  Figure  3. 
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Figure  2:  RTF  data  of  Insulated  Component  C  at 
various  temperatures. 

To  better  understand  the  design  margins  under  DC  load  at  various 
temperatures,  RTF  and  LT  tests  were  performed  at  multiple 


Figure  3:  Breakdown  data  of  Insulated 
Component  C  tested  at  100  kV,  at  various 
temperatures. 

3.3.3  Effect  of  interfaces.  The  effect  of  interfaces  and  aging 
on  high-voltage  breakdown  performance  was  evaluated.  The 
results  from  samples  of  Insulated  Component  B  are  shown  in  this 
report.  Insulation  repairs  are  occasionally  done  on  cable  jackets 
to  restore  insulation  continuity  for  the  components.  This  provides 
a  meaningful  sample  since  the  repair  introduces  two  amalgamated 
interfaces  and  maintains  its  cylindrical  geometry.  Figure  4  shows 
schematically  the  configuration  of  the  sample.  Two  sample 
conditions  were  evaluated:  one  was  electrically  aged  for  1000  hr. 
at  100  kVDC,  and  the  other  was  pristine  without  any  aging.  Both 
samples  were  then  subjected  to  RTF  test.  Figure  5  shows  the 
breakdown  voltage  for  both  aged  vs.  pristine  Insulated 
Component  B  samples  with  interfaces. 

3.3.4  Effect  of  dielectric  discontinuity.  One  example  of 
dielectric  discontinuities  is  an  air  gap  between  an  insulator  and  a 
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Figure  4:  Schematic  of  Insulated  Product  B 
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Figure  5:  Breakdown  data  for  aged  vs.  pristine 
samples 

conductor.  A  dielectric  discontinuity  occurs  due  to  the  difference 
in  dielectric  constants  in  the  adjacent  media.  Figure  6  (dielectric 
discontinuity  size  v.s.  life  at  100  kV)  shows  the  general 
relationship  between  the  life  and  normalized  dimension  of  the 
discontinuity  for  long-term  high  voltage  testing. 


4.  Analysis  and  Discussions 

The  ability  to  follow  a  repeatable  and  methodical  testing  protocol 
allows  us  to  benchmark  high-voltage  performance  for  various 
insulated  components  that  constitute  the  undersea  cable  system. 

Our  results  revealed  the  importance  of  an  appropriate  setup  for  the 
test.  One  key  issue  is  the  ambiguity  created  by  the  termination,  in 
particular,  when  the  insulated  components  were  tested  at  high 
voltage  (e.g.,  >  200  kV).  Although  the  leakage  current  and  the  triple 
point  pose  a  significant  experimental  challenge,  we  have 
demonstrated  repeatability  of  test  data  through  minimization  of 
leakage  currents  by  using  multiple  parallel  samples,  installing  a 
large  field  suppression  toroid  on  the  terminal  electrode,  and 


Time  [hr] 

Figure  6:  Insulation  lifetime  at  100  kV  as  a 
function  of  discontinuity  size 

employing  longer  sample  terminal  lengths,  all  of  which 
significantly  mitigated  the  problems  associated  with  the  triple¬ 
point  failure  as  well  as  flashover. 

The  dependence  of  breakdown  voltage  (or  time)  on  the  temperature 
is  encouraging  as  it  confirms  the  conservative  margin  in  our  routine 
tests  that  are  typically  conducted  at  ambient  temperatures.  Further 
work  is  needed  to  quantify  the  temperature  dependence  of  the 
breakdown  voltage  for  various  components,  although  it  is  likely  that 
a  thermally  activated  process  is  responsible  for  the  temperature 
dependence. 

The  data  from  Insulated  Component  B  samples  illustrate  the 
reduction  of  characteristic  breakdown  voltage  for  those  containing 
an  interface,  although  the  difference  is  small  due  to  the  use  of  ultra¬ 
clean  materials  and  stringent  processing  conditions.  One  of  the 
important  findings  in  this  work  is  to  demonstrate  the  value  of 
material  selection.  A  number  of  critical  parameters  are  engineered 
into  the  selection  of  the  polyethylene  insulation  compound.  For 
example,  a  high  degree  of  cleanliness  minimizes  local  electrical  field 
enhancement  due  to  contaminants.  Minute  metallic  particulates  are 
particularly  harmful  at  the  amalgamation  zone. 

Another  interesting  result  is  manifested  in  the  aging  data.  One 
commonly  attributed  reason  for  electrical  degradation  at  the 
interface  is  the  lack  of  amalgamation  due  to  thermal  degradation  of 
polymeric  materials  during  processing.  In  this  case,  the  by-product 
of  oxidized  polyethylene  can  pose  a  serious  threat  for  the  molded 
interface.  By  using  an  optimized  stabilizer  package,  one  can  achieve 
a  robust  interface  that  is  essentially  of  the  same  quality  as  the  parent 
material.  Our  data  suggest  that  aged  samples  were  no  less  robust 
than  unaged  samples  under  identical  test  conditions  (Figure  6). 
One  also  should  pay  particular  attention  to  the  thermal  history  of  a 
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given  resin,  in  that  ample  qualification  activities  should  be  carried 
out  to  minimize  the  thermal-mechanical  stress  and  chemical 
degradation  that  are  typically  seen  in  the  molded  zones. 

The  presence  of  hydrostatic  pressure  in  the  ocean  bottom 
environment  in  most  cases  serves  to  “close  up”  defects  such  as  air 
gaps.  Therefore,  our  current  testing  scheme  of  ambient  pressure,  in 
fact,  provides  additional  design  margin  for  insulation  robustness. 
While  the  high-voltage  testing  data  from  our  insulated  components 
are  consistent  with  the  expected  compromise  of  the  breakdown 
voltage  for  components  with  increased  field  stress  due  to  geometry, 
multiple  interfaces  or  complicated  thermal  history,  all  the 
components  tested  demonstrated  a  significant  safety  margin  for  the 
longevity  of  service  life  for  an  undersea  system.  Additional  life 
tests  are  currently  in  progress  in  an  attempt  to  continue  to  refine  the 
lifetime  model  and  provide  more  reliable  prediction  of  system  life. 

5.  Conclusions 

Our  continuing  efforts  in  the  high-voltage  program  demonstrated 
that  a  repeatable  test  protocol  allowed  us  to  benchmark  insulated 
components  in  our  undersea  cable  system  containing  complex 
geometry,  material  and  processing  differences.  Our  data  show 
significant  design  margin  based  upon  the  temperature  dependence  of 
the  breakdown  performance.  In  addition,  with  optimized  selection 
of  materials  and  processing  conditions,  we  are  able  to  minimize  the 
detrimental  effect  due  to  amalgamation  interfaces. 
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Nonferrous  Armor  Cable  Termination:  ironing  Out  the  Details 
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Abstract 

A  new  undersea  cable  termination  has  been  developed  and 
qualified  to  couple  armor  strength  members  of  nonferrous 
undersea  fiber-optic  cable  in  couplings  and  joints.1  Its  use 
covers  repeater  couplings,  double-armored  cable  joints,  and 
single-armored  cable  joints.  The  termination  holds  nonferrous 
armor  strength  members  (rods)  without  slippage  and  without 
reducing  their  tensile  strength.  This  is  accomplished  using  a 
novel  way  of  fastening  the  rods  in  an  underlying  matrix. 

This  method  of  terminating  nonferrous  (Aramid)  rods  is  unique 
since  it  does  not  use  standard  termination  methods.  It  reduces 
the  overall  length  of  the  termination  while  making  it  stronger.  A 
standard  Aramid  rod  termination  would  be  considerably  longer. 
Another  essential  feature  in  this  termination  design  is  the  even 
load  sharing  amongst  all  of  the  Aramid  rods.  The  connecting 
matrix  is  essential  for  this  and  transfers  the  tensile  load  from  the 
rods  to  the  load-bearing  housing. 

This  paper  presents  the  mechanics  of  the  termination  along  with 
results  from  experimental  testing.  In  addition,  the  pertinent 
termination  parameters  are  discussed. 

Keywords 

Cable;  Termination;  Coupling;  Joint;  Undersea;  Optical  Fiber; 
Aramid;  Nonferrous;  Submarine 

1.  Introduction 

A  Branching  Unit  (BU)  is  a  special  underwater  housing  that  has  a 
single  cable  on  one  side  (Trunk  Cable)  and  two  branch  cables  on 
the  other  side  (Leg  Cables)  as  shown  in  Figure  1 . 


Double- Amnor 
and/or  Single-Armor 
Trunk  Cable 


Figure  1 .  Example  Branching  Unit  Configuration 

The  first  application  was  targeted  at  BUs.  Early  fiber-optic 
submarine  systems  deployed  BUs  at  water  depth  less  than  2000 
meters  where  conventional  deep-water  cable  has  sufficient 
strength  to  serve  as  a  trunk  cable. 

Recently,  submarine  cable  systems  have  required  BUs  to  be 
deployed  to  greater  depths.  A  new  trunk  cable  with  higher 


Two  Branching 
SL-LW  Unit 
Leg  Cables  I 


SL-LW 

System 

Cable 


1  This  termination  design  approach  is  also  suitable  for  steel- 
armored  cable  types. 


tensile  strength-to-weight  ratio  was  developed  to  allow  the  BUs 
to  be  deployed  and  recovered  from  such  depths.  The  selected 
cable  uses  Aramid  rods2  added  externally  to  the  polyethylene- 
insulated  core3  cable.  These  rods  have  an  excellent  strength-to- 
weight  ratio  that  provides  the  required  tensile  strength  with 
minimum  additional  cable  weight.  Therefore,  a  method  of 
terminating  the  Aramid  strength  members  was  needed. 

Although  this  undersea  cable  termination  was  initially 
developed  for  use  in  BU  couplings  and  associated  joints,  it  can 
also  be  used  in  both  nonferrous  and  ferrous  applications  not 
associated  with  BUs. 

2.  Applications 

2.1  Cable  Types 

There  are  two  typical  varieties  of  nonferrous  Aramid  armor 
cables.  One  is  a  double-armored  (DA)  design  and  the  other  is  a 
single-armored  (SA)  design.  The  cross  sections  of  the  two 
armored  cables  are  shown  in  Figure  2. 


SL-LW 

Cable 


Plastic 
Impregnated 
Aramid 
Armor  Wires 


Outer  Servings 


Double  Armor  Single  Armor 

Figure  2.  Cable  Structure 


2.2  Application  Environment 

Undersea  cable  terminations  are  assembled  in  both  factory  and 
field  environments.  The  majority  is  constructed  in  a  factory 
environment. 

Terminations  are  assembled  during  the  following  three  phases  of 
a  system's  life:  (1)  system  assembly  (usually  in  a  factory),  (2) 
system  installation  (including  shipping),  and  (3)  system 
maintenance  (usually  in  the  field  after  installation).  For  some 
installations,  terminations  are  applied  after  the  cable  has  been 
shipped  from  the  factory  but  before  it  has  been  deployed.  In 
these  cases,  the  work  is  done  on  a  ship  or  barge — either 
dockside  or  at-sea. 


2  These  are  used  in  place  of  traditional  zinc-coated  steel  wires. 

3  The  core  cable  and  its  termination  are  not  discussed  in  this 
paper. 
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Termination  designers  are  keenly  aware  of  the  variety  of 
conditions  that  must  be  considered  in  selecting  and  perfecting  a 
termination  method.  Salt  air,  open  decks,  lighting,  vibration, 
and  temperature  variations  are  among  the  factors  addressed.  In 
addition,  the  tools,  materials,  handling,  logistics,  and  regulations 
for  each  assembly  area  must  be  accounted  for.  For  example,  the 
equipment  and  materials  must  be  portable,  shippable,  and 
storable  in  factories,  depots,  and  on  ships,  as  needed. 

3.  Functional  Requirements 

The  following  are  typical  requirements  for  terminations: 

•  The  termination  itself  shall  be  recoverable  by  the 
conventional  deep  water  system  cable  in  foul  weather 
conditions. 

•  The  termination  shall  meet  typical  factory  and  shipboard 
handling  requirements  for  undersea  fiber-optic  joints. 

•  The  termination  shall  have  sufficient  strength  to  recover 
repeaters  and  branching  repeaters  at  water  depths  up  to  6000 
meters.  This  shall  include  tension,  torque,  and  bending 
stresses. 

•  The  terminations  shall  withstand  the  hydrostatic  pressure 
associated  with  a  depth  of  6000  meters. 

•  The  termination  shall  have  a  typical  undersea  design  life. 

During  development  and  qualification,  a  variety  of  aggressive 
tests  are  performed  to  validate  that  terminations  are  capable  of 
meeting  these  requirements. 

4.  Termination  Description 

4.1  Repeater  Coupling 

A  cable-to-repeater  coupling  terminates  double-armor  or  single¬ 
armor  cables  to  either  a  repeater  or  BU.  In  addition,  it  transfers 
torque  to  the  repeater  and  restricts  bending  of  the  cable.  Figure  3 
shows  a  sketch  of  a  typical  repeater  coupling.  The  mechanism 
for  transferring  the  cable  load  is  shown  in  Figure  4. 


REPEATER 


All  of  these  joint  assemblies  use  identical  components  as  shown 
in  Figure  5. 


TERMINATION 


HOUSING  CABLE 


Figure  4.  Coupling  Cross  Section 


Figure  5.  Cable  Joint  Arrangement 


Joints  are  symmetrical  about  the  center  of  the  housing.  The 
loading  of  the  cable  is  transmitted  to  the  termination  then  to  the 
housing  as  depicted  in  Figure  6. 


Figure  6.  Joint  Cross  Section 


Figure  3.  Repeater  Coupling 

4.2  Cable  Joints 

A  cable-to-cable  joint  transmits  tension  and  torque  from  one 
cable  to  another.  In  addition,  it  restricts  the  bending  of  the  cable 
at  the  entry  points.  Cable-to-cable  joints  can  be  used  to  connect 
the  following  combinations  of  cables: 

•  DA  to  DA 

•  DA  to  SA 

•  SA  to  SA 


5.  Termination  Design 

5.1  Termination  Features 

This  novel  termination  combines  swaged  ferrules,  Spelter-type 
socketing,  and  adhesive  potting — all  in  one  compact  assembly. 
The  Aramid  rods  are  individually  crimped  and  equally  spaced  to 
allow  uniform  distribution  of  the  potting  matrix.  This 


4  Spelter-type  sockets  originally  were  constructed  with  molten 
zinc  cast  into  cone-shaped  baskets  around  broomed-out  wires 
of  the  cable  or  rope  that  they  are  fastened  to.  Newer  socketing 
methods  replace  zinc  with  epoxy  or  similar  material. 
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combination  of  features  reduces  the  overall  length  of  the 
termination  and  provides  a  stronger  termination. 

The  connecting  matrix  provides  a  load-bearing  surface  for  the 
ferrules  and  is  essential  for  maintaining  an  even  load  amongst 
the  Aramid  rods.  In  addition,  it  eliminates  the  need  for  complex 
and  costly  shimming  arrangements  that  are  typically  used  to 
even  out  the  loading  among  strength  members. 

By  using  an  adhesive  potting  material,  the  termination  is 
suitable  for  environments  that  are  ordinarily  more  corrosive  for 
ferrous-based  materials  typically  used  in  armored  cable 
terminations.  The  epoxy  blocks  seawater  entry  and  associated 
corrosion  and,  at  the  same  time,  isolates  the  strength  members 
from  the  external  hardware.  In  this  application,  the  cable 
strength  members  can  be  either  ferrous  or  nonferrous  since  there 
is  no  Galvanic  corrosion,  limited  oxygen  access,  and  protection 
from  seawater. 

Matrix  or  potting  material  selection  is  based  on  compressive 
strength,  cure  time,  shrinkage,  cure  temperature,  viscosity,  shelf 
life,  and  seawater  resistance. 

5.2  Ferrule  Strength 

Ferrule  (i.e.  Aramid  rod  termination)  strength  is  related  to  the 
properties  of  the  radial  crimp  and  the  strength  member  (rod). 
The  governing  equation  for  the  termination  strength,  FR,  is  given 
in  Equation  1 . 


Fr  =  juP(2nR)  •  8L  0) 

where  p  is  the  coefficient  of  friction,  P  is  the  radial  pressure 
induced,  R  is  the  Aramid  rod  diameter,  L  is  the  ferrule  length 
and  Lc  is  critical  ferrule  length. 


Length  /  Standard  Termination  Length 


Figure  7.  Termination  Strength  and  Critical  Length 


Without  the  ferrules,  the  termination  would  be  considerably 
longer.  This  shortening  is  made  possible  because  the  force 
developed  between  the  Aramid  Rods  and  radial  crimp  is  much 
greater  than  the  adhesion  between  the  Aramid  Rods  and  epoxy. 
Typical  epoxy-only  terminations  are  weaker  due  to  the  relatively 
low  adhesion  which  results  in  slippage  between  the  Aramid 
Rods  and  epoxy. 

6.2  Coupling  and  Joint 

Coupling,  joints,  and  cables  were  subjected  to  a  series  of 
standard  undersea  qualification  tests  to  simulate  the  most  severe 
in-service  environmental  conditions  expected  in  the  field.  These 
included  tension,  bending,  temperature,  and  pressure  testing. 

Results  of  the  double-armored  termination  ultimate  tensile 
strength  are  indicated  in  Figure  8.  This  figure  indicates  that  the 
strength  of  the  double  armor  termination  exceeds  the  rated  cable 
UTS. 


6.  Test  Results 

6.1  Termination  &  Ferrule 

The  first  phase  of  the  testing  involved  determining  the 
relationship  between  ferrule  strength  and  crimping  length. 
During  ferrule  development,  crimp  pressure,  material,  diameter, 
and  length  were  all  evaluated  and  selected  to  provide  sufficient 
design  margin  to  account  for  process  variations.  Using 
experimental  results  in  conjunction  with  Equation  1,  the  ferrule 
parameters  were  finalized. 

Figure  7  provides  a  comparison  of  the  new  termination  method 
and  the  standard  termination  method.  It  shows  that  the  new 
termination  method  significantly  reduces  the  critical  termination 
length.  Standard  termination  methods,  which  have  a 
considerably  lower  coefficient  of  friction,  can  result  in  slippage 
between  the  Aramid  Rod  and  adhesive. 


Figure  8.  Double  Armored  Joint  /  Coupling  Ultimate 
Tensile  Strength  Test  Results 
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Upon  test  completion  the  joints  and  couplings  were 
meticulously  dissected  and  inspected.  Dissection  revealed  no 
damage  to  any  components.  The  design  met  all  of  the  imposed 
mechanical,  electrical,  and  optical  requirements  and 
demonstrated  that  the  performance  of  the  new  termination 
design  is  robust. 

7.  Conclusions 

A  new  undersea  cable  termination  has  been  developed  and 
qualified  to  couple  armor  strength  members  of  nonferrous  (and 
ferrous)  undersea  fiber-optic  cables  in  couplings  and  joints. 
Thorough  testing  has  proven  this  termination  design  to  be  both 
robust  and  fully  capable  for  use  and  deployment  in  undersea 
systems. 

This  approach  achieves  numerous  advantages  through  savings  in 
cost,  reduced  assembly  times,  improved  performance,  and  wider 
versatility.  It  is  suitable  for  a  variety  of  applications  including 
BU  couplings,  repeater  couplings,  double-armored  cable  joints, 
and  single-armored  cable  joints.  In  addition  to  holding  armor 
strength  members  without  slippage,  this  compact  termination 
method  reduces  the  overall  length  of  the  termination  without 
sacrificing  performance. 

We  anticipate  that  as  short-cycle  development  needs  arise  to 
create  and  deploy  armor  terminations  for  new  applications  this 
versatile  design  will  be  cost-effectively  applied. 
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Abstract 

During  the  draw  phase  in  optical  fiber  manufacturing,  the  fiber 
temperature  needs  to  be  lowered  quickly  after  it  exits  the  furnace 
in  order  to  allow  coating  by  polymer  materials.  With  increasing 
draw  speeds,  the  need  arises  for  more  efficient  designs  of  cooling 
tubes. 

This  paper  will  outline  the  steps  that  led  to  the  design  and 
realization  of  a  new  cooling  device  named  Heolc  (High  Efficiency 
coOLing  tubE).  A  numerical  modeling  tool  using  the  CFD 
software  Fluent  has  been  created  to  simulate  fiber  cooling  for 
various  tube  configurations.  It  computes  the  fluid  flow  in  the  tube, 
the  mixing  of  different  gas  species  and  the  heat  transfer.  The 
computed  fiber  temperature  is  compared  to  measurements  which 
were  made  with  an  infrared  camera  on  an  operating  draw  tower. 

The  calculations  aided  in  the  design  and  manufacturing  of  an 
improved  prototype  w'hich  will  be  tested  and  compared  to  the 
earlier  prototypes  as  well  as  other  cooling  tubes. 

Keywords 

Optical  fiber,  draw,  cooling  device,  CFD,  gas  flow,  heat  transfer. 

1.  Introduction 

With  increasing  draw  speeds,  the  need  arises  of  more  efficient 
cooling  tubes.  In  the  existing  cooling  tubes,  the  efficiency  of  the 
cooling  is  directly  related  to  the  amount  of  cooling  gas  inside  the 
tube  [2],  Higher  cooling  gas  flow'  rates  arc  thus  needed  to  ensure 
that  no  external  air  is  allowed  inside  the  tube.  For  the  existing  tubes, 
the  cooling  efficiency  quickly  reaches  a  plateau  value  and 
subsequent  increases  in  the  gas  flowrate  docs  not  further  enhance 
the  cooling  of  the  fiber. 

The  goal  of  this  work  is  to  develop  a  cooling  device  of  higher 
efficiency  at  lower  gas  flow's.  The  Heolc  tube  principle  is  to 
periodically  strip  off  the  thermal  boundary  layer  that  travels  with  the 
fiber  by  impinging  successive  cooling  jets  closely  along  the  fiber 
surface  as  it  passes  in  the  tube.  This  method  is  discussed  and 
described  in  an  earlier  patent  [3],  We  will  use  numerical  modeling 
to  study  how  the  multiple  jets  can  increase  the  heat  transfer 
coefficient,  h.  between  the  fiber  and  the  surrounding  gas. 

With  some  simplifications  (see  [1]),  the  normalized  temperature  0  of 
the  fiber  can  be  written  as  a  function  of  axial  coordinate  x: 

a  T-T*  f  2h  1 

0  - - -  exp - x 

To_Tr  ^  PsCsU0r0  ; 


where  ps.  Cs,  U0  and  r0  are  fixed  properties  of  the  fiber.  Hence  it 
can  be  seen  that  in  order  to  decrease  the  fiber  temperature,  the 
heat  exchange  coefficient  h  must  be  increased. 

The  first  cooling  device  prototype,  following  with  a  description  of 
the  numerical  model  will  be  described  firstly.  The  second  part 
outlines  the  validation  of  the  modeling  tool  by  comparison  with 
experiment.  Finally,  the  use  of  the  numerical  model  to  enhance  the 
cooling  device’s  design  will  be  discussed. 

2.  Presentation  of  the  cooling  device  and 
numerical  study 

2.1  Presentation  of  Heole 


Figure  1 :  views  of  Heole  prototype:  open  (left)  and  closed 
(right).  Insert  shows  one  module’s  half 

Figure  1  shows  views  of  the  Heolc  cooling  tube  prototype.  The  tube 
is  open  on  left  image  (with  one  chamber  detailed  on  insert)  and 
closed  on  right  image.  Cooling  water  O  is  circulated  around  the 
chambers  to  maintain  a  set  temperature.  Pure  Helium  is  injected 
using  a  distribution  device  which  divides  the  incoming  gas  flux  ©. 
The  insert  shows  a  half  chamber  with  its  tube  plug  for  injecting  © 
and  pumping  ©  The  modules  are  mounted  on  a  clamshell  closing 
type  device.  Each  of  the  24  pumping  holes  0  is  closed  by  caps,  but 
each  can  be  connected  to  a  gas  recycling  device. 

The  system  is  highly  modular  w'ith  each  chamber  having  a  low  cost 
and  it  can  be  modified  to  ensure  optimal  design  for  individual  draw- 
tower  configuration  and  speed. 
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2.2  Numerical  study 

A  study  of  the  cooling  device  was  made  using  Computational 
Fluid  Dynamics  (CFD)  tools.  The  CFD  software  Fluent  v5.6  was 
used  to  compute  the  gas  flow  and  heat  transfer  inside  the  cooling 
tube.  The  parameters  used  in  previous  studies  of  fiber  cooling  in 
air  [1]  and  in  other  cooling  tubes  [2]  using  the  Fluent  software 
were  applied  in  this  study.  Gas  and  silica  properties,  such  as 
thermal  conductivity  and  specific  heat,  are  temperature 
dependent.  Due  to  moderate  overall  temperatures  (600°C  max.), 
no  radiation  model  was  used.  Due  to  small  tube  diameters, 
Reynolds  numbers  are  low,  thus  it  is  assumed  that  no  significant 
turbulence  effects  will  need  to  be  computed. 

The  studied  tube  is  comprised  of  12  identical  modules  as  shown 
in  Figure  2.  The  software  computes  the  mixing  of  the  air  that 
enters  the  tube  along  the  fiber  with  the  injected  helium.  Heat 
transfer  occurs  between  the  hot  fiber,  the  gases,  and  the  external 
water  cooled  wall  (at  16°C  in  the  reference  case).  Note  that  all  the 
fiber  velocities,  U,  are  normalized  to  a  reference  velocity  U0. 


Figure  2:  3D  view  of  one  modeled  module 

A  2D  axisymmetric  model  of  the  entire  tube  was  used  to  obtain 
the  pressure  in  each  section.  This  model  provided  an  estimate  of 
the  final  temperature  and  of  the  gas  distribution.  To  have  a  better 
understanding  of  the  heat  transfer  phenomena  for  each  injection 
approaching  the  fiber,  a  3D  model  was  also  developed.  It  was 
used  to  optimize  the  design  by  increasing  the  cooling  efficiency 
of  the  Heole  tube  as  compared  to  the  existing  design. 

3.  Model  validation 

3.1  Pressure  distribution 

Due  to  the  important  effect  of  the  pressure  in  the  tube  on  the  gas 
distribution,  a  model  of  the  entire  tube  of  twelve  modules  was 
needed  to  obtain  the  pressure  distribution.  Modeling  the  entire 
tube  in  3D  is  not  possible  given  the  geometric  aspect  ratio,  hence 
a  2D  axisymmetric  model  was  used  for  this  work. 

The  mesh  is  comprised  of  triangular  cells,  with  a  boundary  layer 
of  quadrangular  cells  near  the  fiber  surface  and  in  the  injectors. 
The  typical  number  of  cells  is  approximately  20,000.  Each 
injection/aspiration  inlet  is  represented  as  an  annular  slit  having  a 
surface  area  identical  to  the  actual  inlet. 


For  the  calculations,  the  injected  helium  is  supposed  to  be  divided 
equally  into  each  injection.  This  is  not  possible  in  the  actual  tube 
given  the  actual  pressure  differences  that  lead  to  different 
amounts  of  gas  flowrates  at  each  injector.  Thus  a  redesign  of  the 
gas  injecting  path  may  be  needed.  This  is  one  source  of 
discrepancy  between  the  calculation  and  experiment. 


Figure  3:  grid  view  near  an  aspiration  for  2D  model 

The  aspiration  outlets  were  all  sealed  except  for  one  which  was 
used  for  pressure  measurements  using  a  PPC500  device.  A  total 
flowrate  of  5  1/min  of  helium  was  injected.  The  measured 
pressures  were  normalized  to  the  peak  value. 


Figure  4:  Measured  and  calculated  pressure  in  the  tube 


Figure  4  shows  the  measured  and  computed  pressure  curves 
normalized  by  their  maximum  pressure  value.  The  agreement  is 
good  between  the  computed  and  measured  values.  Absolute 
pressure  values  are  lower  for  the  measurements  (168  Pa  peak 
value)  than  for  calculation  (630  Pa  peak  value).  The  calculation 
does  not  take  into  account  two  effects:  the  pressure  drop  due  to 
the  flexible  tube  length  between  the  cooling  tube  and  the  PPC500 
device,  as  well  as  the  pressure  drop  that  can  occur  at  each 
module’s  end  due  to  a  deficient  air  sealing  between  each  chamber. 

With  a  given  temperature  of  the  fiber  at  the  top  of  the  domain,  the 
calculation  computes  the  temperature  at  the  exit.  Here  it  is 
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preferred  to  use  the  values  given  by  the  more  accurate  3D  model 
to  compare  w  ith  the  experiments.  The  important  data  given  by  the 
2D  model  are  the  pressure  values  at  the  beginning  and  the  end  of 
each  module,  which  will  be  used  for  the  3D  calculation. 

3.2  3D  Model 

A  3D  calculation  was  executed  for  each  individual  module. 
Although  it  is  necessary'  to  have  the  correct  impact  of  the  effects 
of  the  jets  on  the  fiber,  these  calculations  arc  time  consuming. 
Therefore,  only  the  first  5  modules  were  studied.  The  temperature 
values  of  the  fiber  were  then  extrapolated  with  an  exponential 
curve  to  give  the  temperature  at  the  tube  exit.  As  in  the  2D  ease, 
the  mesh  is  comprised  of  tetrahedral  elements  except  near  the 
fiber  and  in  the  injections  Aspirations  with  a  typical  grid  size  of 
250,000  cells. 

Figure  2  shows  the  model  geometry  of  one  module  containing 
only  the  fluid  zone.  Helium  is  introduced  by  the  two  upper 
injectors  and  can  be  pumped  out  by  the  two  lower  aspirations. 
The  fiber  runs  through  the  tube  center. 

The  gas  inlets  are  treated  as  velocity  inlets  in  the  model  and  the 
aspirations  can  be  taken  into  account  by  assuming  a  nceativc 
value  for  those  inlet  velocities.  The  upper  and  lower  bounds  of  the 
domain  are  pressure  outlets  where  the  pressure  is  given  by  the  2D 
calculation  results.  The  model  was  planned  to  be  able  to  predict 
the  effect  of  non-symmetric  injections  and  aspirations,  so  a  whole 
module,  instead  of  only  one  half,  was  modeled.  After  the  first 
module  simulation,  the  temperature  of  both  the  fiber  and  the  gas 
as  well  as  the  mass  fraction  of  air  at  the  exit  of  one  module  arc 
known.  These  values  are  then  rc-injcctcd  into  the  next  module's 
calculation.  This  process  is  then  repeated  for  four  successive 
modules.  The  final  temperature  is  then  extrapolated  with  an 
exponential  curve  to  obtain  the  fiber  temperature  at  the  tube’s 
exit. 

1  Q0e+00 
9  OOe-QI 
8  00e-01 
7  OOe  -0 1 
6  00e-01 
5.00e-0! 
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300e-01 

2  OOe-Ot 
1.00e-01 
0  OOe+OG 

Figure  5:  Mass  fraction  of  air  near  first  injector;  U=1, 1  l/min 
of  Helium 


Figure  5  show's  air  entering  the  first  module  and  then  mixing  w  ith 
the  injected  helium  at  a  low  flowrate.  The  gas  in  the  module  is 
mainly  composed  of  air  in  this  case.  In  Figure  6  one  can  see  the 
thermal  boundary  layer  being  stripped  away  due  to  the  two  gas  jet 
impacts.  These  two  figures  illustrate  two  different  cooling 
mechanisms.  The  less  air  present  in  the  tube,  the  more  efficient 
the  cooling  will  be  due  to  helium  having  a  higher  heat  exchance 
coefficient  than  air.  It  is  then  necessary  to  minimize  the  quantity 
of  air  inside  the  tube.  There  is  a  second  effect  due  to  the  impact  of 
helium  jets  directly  onto  the  fiber  which  is  due  to  the  high 
gradients  in  the  heat  transfer  coefficient  between  the  fiber  and  the 
gas  that  arc  apparent  in  the  region  near  the  inlet  locations  (see 
Figure  8  and  9). 


3.3  Validation:  comparison  with  experimental 
results 

Calculated  values  were  compared  with  temperature  measurements 
made  at  normalized  draw  speeds  of  U  equal  to  I  and  1.36  with 
helium  injected  at  various  flowrates.  Gas  is  pumped  only  into  the 
fifth  module  at  1  I/min  where  the  oxygen  fraction  of  the  gas 
mixture  is  then  measured.  All  other  aspirations  are  scaled. 

Table  1.  Exit  fiber  temperature  and  02  volume 
fraction  for  experiments  and  model 


u 

He 

(I/min) 

Temp. 

exper. 

(°C) 

Temp, 
model.  (°C) 

0;  CXp. 
(%) 

O;  model. 

(%) 

1 

372 

344 

13.8 

6.47 

1 

3 

317 

334 

4.8 

4.06 

5 

300 

282 

0.91 

0 

10 

282 

268 

0.02 

0 

I 

484 

509 

15.2 

9.5 

1.36 

3 

433 

445 

5.8 

0 

5 

398 

430 

0.02 

0 
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Figure  7:  Exit  fiber  temperature  in  °C  as  a  function  of  helium 
flowrate 

The  agreement  between  measurement  and  calculation  is  fairly 
good,  bearing  in  mind  the  differences  between  the  simulation 
details  and  actual  system  used  in  the  measurements.  For  example, 
during  the  experiments,  the  actual  draw  speed  U  can  fluctuate 
while  it  is  maintained  at  a  constant  value  in  the  calculations. 
Secondly,  the  ‘airtight-ness’  of  the  device  as  a  whole  is  not 
perfect  which  can  generate  slight  pressure  drops  and  allow  more 
air  to  penetrate.  This  likely  explains  the  higher  oxygen  quantities 
observed  in  the  measurements.  Another  effect  approximated  in 
the  model  is  the  cooling  due  to  the  water-jacket  surrounding  the 
tube.  Because  no  solid  zone  is  modeled  in  our  case,  it  is  assumed 
that  the  external  wall  temperature  is  at  the  water  temperature 
(16°C)  which  is  of  course,  not  strictly  the  case  in  actuality. 

4.  Optimizing  fiber  cooling 

As  discussed  earlier,  the  cooling  efficiency  of  the  tube  is  directly 
linked  to  the  value  of  the  heat  transfer  coefficient  h  (W/m2-K) 
between  the  fiber  and  the  surrounding  gas.  This  value  is  related  to 
the  thickness  of  the  thermal  boundary  layer  around  the  fiber.  The 
curves  of  h  were  thus  studied.  The  coefficient  typically  consists  of 
a  mean  value  with  perturbations  due  to  the  gas  injections  and 
aspirations.  The  modeling  effort’s  approach  was  to  globally 
increase  this  heat  transfer  coefficient  value  in  order  to  lower  the 
fiber  temperature.  The  methods  used  will  be  discussed  next. 

4.1  Air  sealing 

It  is  important  to  ensure  that  the  minimum  amount  of  air  is 
allowed  to  penetrate  the  tube.  To  achieve  this,  flowrate  of  helium 
as  well  as  pressure  inside  the  tube  must  be  maintained  high. 
Pressure  in  the  first  modules  rises  naturally  into  the  tube  when  no 
helium  is  pumped  (cf.  Figure  4)  which  prevents  the  air  from 
entering. 

The  heat  transfer  coefficient  h  is  plotted  for  various  helium 
flowrates  for  both  the  2D  and  3D  calculations  at  draw  speed  U=1 
in  the  figures  below.  The  coefficient  h  derived  from  the  3D 
simulations  is  plotted  on  a  line  on  the  fiber  surface  directly  in 
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front  of  the  inlets.  Thus  the  values  are  necessarily  higher  than  for 
the  2D  case  where  the  value  of  h  is  an  average  over  the  entire 
fiber  surface.  For  a  low  helium  flowrate  (Figure  8),  much  air 
enters  the  tube,  and  thus  the  value  of  h  starts  low  and  increases 
which  each  successive  injection  of  cooling  gas.  For  higher 
flowrates,  helium  completely  surrounds  the  fiber  and  the  value  of 
h  reaches  a  plateau.  After  which,  the  only  way  to  increase  h  is 
from  the  effect  of  the  jet  which  locally  induces  a  peak  of  h  as  can 
be  seen  in  Figure  9.  A  higher  flowrate  increases  the  gas  velocity 
impinging  the  fiber  which  results  in  a  higher  h  peak  value. 


Figure  8:  heat  transfer  coefficient  h  in  W/m2-K  along  the 
fiber;  U=l,  1 1/min  of  He 


Figure  9:  heat  transfer  coefficient  h  in  W/m2-K  along  the 
fiber;  U=l,  5  1/min  of  He 


The  3D  model  gives  a  more  precise  description  of  the  variation  of 
h,  thus  it  was  used  in  the  following  parametric  studies. 

4.2  External  cooling 

In  order  to  decrease  the  fiber  temperature,  ways  of  increasing  the 
mean  value  of  the  heat  transfer  coefficient  h  along  the  fiber  were 
studied.  Because  this  value  is  linked  to  the  thickness  of  the 
thermal  boundary  layer,  the  simplest  method  to  increase  it  was  to 
reduce  the  tube  diameter.  However,  due  to  the  fiber  vibrations  and 
the  risk  of  fiber  breaks,  it  cannot  be  decreased  under  a  few  mm. 
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The  remaining  solution  then  becomes  to  lower  the  wall 
temperature. 

For  example,  if  we  consider  cooling  with  liquid  nitrogen,  the 
external  wall  temperature  could  be  well  below  the  temperature 
obtained  by  water  cooling.  For  a  wall  temperature  of  77  K 
(-196°C)t  we  can  compare  the  results  with  the  standard  case  of  a 
289  K  (I6CC)  water  cooled  wall.  For  the  following  cases,  no  gas 
is  pumped  in  the  tube  and  the  aspiration  outlets  arc  scaled. 


Figure  10:  heat  transfer  coefficient  h  in  W/m2-K  in  fifth 
module  for  various  wall  temperatures  and  helium  flowrates; 
11=1.36 


The  gain  in  the  coefficient  h  is  more  pronounced  for  cases  of  high 
helium  flowrates,  when  no  air  is  present  along  the  fiber.  The  gain 
in  the  mean  value  of  h  is  then  an  increase  of  37%.  The  decrease  in 
exit  fiber  temperature  is  8°C  for  1  1/min  of  helium  and  33°C  for 
10  1/min. 

4.3  Changing  the  injector  shape 

Another  method  to  increase  the  overall  value  of  h  is  to  increase 
the  thickness  of  the  peak  zone  near  the  gas  inlets.  For  this,  the 
influence  of  enlarged  gas  injectors  with  a  shape  to  be  hereafter 
referred  to  as  a  pencil  injector  (see  Figure  1 1)  was  tested. 


Figure  11:  module  with  enlarged  pencil-type  injector  and 
aspiration 


To  ensure  that  no  air  is  allowed  to  enter  the  tube,  no  gas  was 
pumped  in  the  first  3  modules,  thus  allowing  the  pressure  to  rise 
at  the  tube  s  top  end.  Then  0.5  1/min  was  then  pumped  in  the 
remaining  modules  for  a  total  of  4.5  1/min  of  helium.  For  the 
standard  case,  6  1/min  (0.5  1/min  per  module)  was  injected  at  a 
draw  speed  of  U=l.  Since  the  surface  area  of  the  pencil  injector  is 
larger  than  the  round  injector,  the  gas  velocity  for  a  given 
flowrate  was  lower.  Therefore,  20.9  1/min  of  helium  was  injected 
to  result  in  a  velocity  equivalent  to  that  of  the  standard  injector. 
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Figure  12:  heat  transfer  coefficient  h  in  W/m2-K  in  fifth 
module  for  round  and  pencil  injector;  U=1 

Figure  12  shows  the  h  curves  corresponding  to  those  cases.  For 
the  pencil  injector  at  6  1/min,  the  maximum  value  of  h  is 
significantly  lower  due  to  the  lower  velocities.  For  equivalent  gas 
velocities,  the  maximum  peak  values  are  the  same,  but  the  peak 
thickness  is  larger  for  the  pencil  injector.  The  temperature 
decrease  in  the  entire  tube  for  the  cases  of  round  injector  at 
6  1/min,  pencil  injector  at  6  1/min  and  20.9  1/min  is  respectively 
AT-  159,  162  and  177°C.  For  20.9  1/min,  the  overall  pressure  in 
the  tube  is  higher,  thus  less  air  can  enter  in  the  tube  which  affects 
the  output  temperature  as  well  as  enlarging  the  peak  of  h. 

5.  Conclusions 

A  computer  model  to  simulate  the  cooling  behavior  of  an  optical 
fiber  during  draw  passing  through  a  new  concept  of  cooling  tube 
has  been  validated  by  comparing  the  results  obtained  both 
experimentally  and  by  calculation.  Periodical  air  stripping  effect 
due  to  the  helium  jets  has  been  studied.  A  numerical  study  to 
improve  the  efficiency  of  this  new  cooling  tube  was  made  and 
various  parameters  were  shown  to  have  an  impact  on  the  fiber 
cooling. 

The  heat  transfer  coefficient  curves  have  shown  that  the  value  of 
h  is  directly  related  to  the  quantity  of  air  inside  the  tube  which 
reaches  a  constant  value  when  no  air  is  left.  The  coefficient  value 
can  be  increased  by  lowering  the  temperature  of  the  external  wall 
cooling.  The  remaining  method  of  increasing  h  is  then  to 
periodically  direct  cooling  gas  jets  on  the  fiber  in  order  to  locally 
induce  a  peak  of  the  heat  transfer  coefficient. 
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Abstract 

The  design  of  coatings  for  optical  fibers  often  necessitates 
establishing  a  critical  balance  between  competing  performance 
demands.  The  bond  at  the  primary-glass  interface  requires 
particular  attention  because  the  coating  must  remain  reliably 
attached  until  it  is  removed,  and  then  it  must  be  easily  separated 
from  the  glass  without  substantial  residues.  In  this  paper,  we 
present  results  from  a  designed  evaluation  of  four  factors  affecting 
the  adhesion  of  the  primary  coating  to  the  glass  and  its  resistance 
against  delamination.  The  factors  are  the  adhesion  promoter 
concentration,  the  primary'  polarity,  the  glass  transition 
temperature  of  the  secondary  coating,  and  the  primary  modulus. 
We  develop  model  optical  fiber  coatings  to  meet  the  parameters  of 
the  experiment.  As  responses,  we  measure  the  pull  out  force,  the 
primary’  modulus  measured  in  situ,  and  the  force  required  to 
achieve  a  50%  probability  of  delaminating  the  primary  coating. 

Keywords 

Optical  fiber;  coating;  non-uniform  adhesion;  delamination; 
design  of  experiment;  coating  formulation;  coating  chemistry; 
finite  element  analysis. 

1.  Introduction 

The  delamination  resistance  is  an  important  performance  property 
consideration  in  the  design  of  coatings  systems.  It  must  be  high 
enough  to  prevent  damage  to  the  primary-glass  interface  during 
routine  handling,  as  wrhen  the  fiber  is  drawn,  rewound,  colored,  or 
cabled.  It  must  also  be  low  enough  to  permit  stripping  the  coating 
from  ribboned  fiber  without  leaving  substantial  residue. 

It  is  well  known  that  delamination  resistance  is  affected  by  the 
coating  formulation  and  chemical  composition  [1],  but  these 
effects  have  not  been  quantified.  To  better  understand  this 
dependence  and  establish  guidelines  for  the  design  of  future 
coating  systems,  we  designed  an  experiment  to  study  the  effects  of 
four  fundamental  coating  properties  on  the  delamination 
resistance.  The  factors  were  the  primary  coating  polarity,  the 
secondary  coating  glass  transition  temperature  (Tg),  the 
concentration  of  the  adhesion  promoter,  and  the  primary  coating 


modulus.  These  are  the  four  material  properties  we  believed  to 
have  the  greatest  influence  on  delamination  resistance.  Other 
properties,  such  as  primary  tear  strength,  we  deemed  to  have  less 
of  an  effect  and  were  left  out  to  minimize  the  number  of 
experiments  required  to  determine  the  strengths  of  the  principal 
factors.  To  vary  these  factors,  we  developed  a  series  of  primary' 
and  secondaiy  coatings  using  only  commercially  available  coating 
components.  We  measured  the  secondaiy  Tg  with  differential 
scanning  calorimetry  (DSC)  and  the  primary  moduli  of  cured 
sheets  using  oscillatory  mechanical  tests  (dynamic  mechanical 
analysis,  or  DMA).  Then,  after  drawing  optical  fiber  with  the 
coatings,  we  measured  the  pull  out  force,  the  in  situ  modulus,  and 
the  force  required  to  achieve  a  50%  probability  of  delaminating 
the  primary  coating.  We  used  a  twenty-trial  designed  experiment 
to  make  the  greatest  use  of  the  data. 

2.  Experimental  Design 

2.1  Factors 

Table  1  show's  the  ranges  we  chose  for  the  four  experimental 
factors.  They  are  representative  of  coating  formulations 
available  commercially.  The  formulation  strategy  used  to 
achieve  these  ranges  is  described  in  the  next  section. 


Table  1.  Factors  of  the  experimental  design 


Factor 

L 

M 

H 

Primary  coating  modulus 
(PRIMOD)  at  23°C,  psi 

160 

225 

290 

Primary  coating  polarity 

(POLAR) ,  arbitrary  units 

-1 

- 

1 

Primary  coating  adhesion 
promoter  (ADHPROM),  w't.  % 

0 

1 

2 

Secondary  Coating  Tg 

(SECTG),  °C 

82 

- 

128 

The  origins  of  the  primary  coating  polarity  in  Table  1  are  in  the 
chemical  functionalities  of  the  polymer  chains,  wTiose  effects  wre 
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could  only  estimate.  We  assigned  a  relative  polarity  based  on 
the  contact  angle  of  a  water  droplet  on  the  cured  coatings  films, 
and  on  the  films’  water  absorption.  (These  methods  are 
described  in  section  3.)  In  Table  1,  high  polarity  coatings  (+1) 
have  higher  water  absorption  and  lower  contact  angle.  The 
secondary  Tgs  in  Table  1  are  DSC  results,  as  noted  in  the 
introduction,  but  we  also  measured  Tg  with  DMA,  and  those 
numbers  were  close  to  the  DSC  values  (88°C  and  136  C). 

The  primary  moduli  reported  in  Table  1  are  those  of  the  low- 
polarity  coating.  The  high-polarity  coating  moduli  were 
comparable,  although  the  modulus  of  the  high-modulus 
formulation  was  somewhat  higher  (340  psi).  The  midpoint 
modulus,  225  psi,  was  interpolated  with  a  least-squares  fit  from 
the  results  of  a  designed  experiment  in  which  the  adhesion 
promoter  was  varied  in  the  high  and  low-modulus,  low-polarity 
formulations.  The  error  from  this  extrapolation,  as  measured  by 
the  residuals,  was  comparable  to  the  experimental  error  in  the 
measurement. 

2.2  Responses 

In  addition  to  the  delamination  resistance,  we  included  two 
other  fiber-coating  properties  as  responses,  the  primary  coating 
“in  situ”  modulus,  or  the  modulus  on  the  fiber,  and  the  fiber  pull 
out  force.  The  in  situ  modulus  differs  in  general  from  the  sheet 
modulus,  as  the  fiber  temperature  during  cure  and  film  thickness 
can  have  a  substantial  impact.  The  pull  out  force  is  the  force 
required  to  pull  a  1  cm  section  of  glass  out  of  the  coating  and  is 
a  measure  of  the  adhesion  of  the  primary  coating  to  the  glass. 
These  methods  are  described  in  the  next  section. 

A  full  design  with  4  factors,  2  of  which  have  3  levels,  would 
require  at  least  36  trials  (3  *  3  *2  *  2).  To  reduce  this  number, 
we  used  the  full  factorial  design  for  4  factors  with  2  levels  each 
(16  trials)  and  ran  four  more  trials  with  the  primary  coating 
modulus  and  adhesion  promoter  at  their  mid-point  values  and 
the  other  two  parameters  at  their  low  and  high  values.  The 
resulting  design  is  shown  in  Table  2. 

We  analyzed  the  results  of  the  experiment  using  a  commercial 
software  package,  STRATEGY  (Process  Builder,  Bremerton, 
WA).  The  package  computes  the  least-squares  fits  to  the  four 
factors  plus  interactions  and  displays  the  responses  in  three- 
dimensional  charts.  Examples  of  these  charts  are  included  in  the 
results  section  of  the  paper.  The  four  trials  at  the  midpoints  of 
the  modulus  and  adhesion  promoter  were  withheld  from  the 
calculation  and  were  used  to  check  the  predictions  of  the  linear 
model. 

Having  only  two  levels  of  the  secondary  coating  Tg  is  not  a 
significant  assumption  in  determining  its  effect  on  delamination 
resistance.  The  adhesion  at  the  primary-glass  interface,  and  by 
extension  the  delamination  resistance,  is  expected  to  decrease 
linearly  as  Tg  increases  [2].  The  effect  of  the  polarity  of  the 
coating,  the  other  two-level  factor,  may  not  be  linear  but  should 
be  monotonic.  The  adequacy  of  the  linear  fit  to  the  3-level 


factors,  the  modulus  and  the  adhesion  promoter,  is  discussed  in 
section  7. 


Table  2.  Experimental  design. 


Run  order 

POLAR 

PRIMOD 

ADHPROM 

SECTG 

1 

-1 

160 

0 

82 

2 

1 

290 

0 

82 

3 

-1 

160 

2 

82 

4 

-1 

290 

2 

82 

5 

1 

160 

2 

82 

6 

1 

290 

2 

82 

7 

-1 

160 

0 

128 

8 

-1 

290 

0 

128 

9 

1 

160 

0 

128 

10 

1 

290 

0 

128 

11 

-1 

290 

2 

128 

12 

1 

160 

2 

128 

13* 

-1 

225 

1 

128 

14* 

1 

225 

1 

82 

15 

1 

160 

0 

82 

16 

-1 

160 

2 

128 

17* 

-1 

225 

1 

82 

18 

-1 

290 

0 

82 

19 

1 

290 

2 

128 

20* 

1 

225 

1 

128 

*  Withheld  points  used  to  test  the  model  predictions 


3.  Characterization  Techniques 

3.1  Sheet  Tests 

3.1.1  Dynamic  Mechanical  Analysis  (DMA)  The  dynamic 
moduli  for  the  coatings  were  measured  with  a  Rheometrics 
Scientific  RSA-II  at  a  frequency  of  1  rad/sec  in  tensile  mode.  The 
storage  modulus  (E’),  the  loss  modulus  (E”)  and  tan  curves  were 
measured  at  temperatures  ranging  from  -150°C  to  200°C  for 
secondary  coatings  and  -150°C  to  100°C  for  primary  coatings  at 
intervals  of  2°C.  The  sample  was  held  for  10  seconds  at  each 
temperature  before  measurement.  The  sample  sheets  were  all 
cured  at  0.7  J/cm2  in  a  nitrogen  environment.  The  DMA  samples 
cut  from  the  sheets  were  9.4  mm  X  4  mm  X  120  pm  thick. 

The  DMA  data  show  the  high  and  low  glass  transition 
temperature  of  the  secondary  coatings  (Figure  1.).  The  peak  in 
the  value  of  tan  d  agreed  in  general  with  the  midpoint  of  the 
glass  transition  determined  by  DSC,  which  was  our  expectation 
[3]. 
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Figure  1.  DMA  curves  of  the  high  and  low  Tg  secondary 
coatings. 


3.1.2  Polarity  Measurements.  We  used  water  absorption  and 
water  contact  angle  measurements  to  rank  the  primary  coatings 
with  regard  to  polarity.  Films  of  the  coatings  were  prepared  by 
spin  coating  on  polypropylene  sheets  and  curing  at  100  mJ/cm2. 
The  film  thickness  was  approximately  100  microns.  Water  content 
of  the  films  at  25°C/'50%  RH  was  measured  using  Karl  Fischer’s 
reagent.  The  water  contact  angle  was  measured  using  deionized 
water. 

3.1.3  Equilibrium  Tensile  Modulus  The  equilibrium  tensile 
modulus  of  the  primary'  coating  control  formulations  was 
measured  using  a  Rheovibron  DDV-II-c  manufactured  by  Toyo- 
Baldwin.  Measurements  were  performed  at  room  temperature  in 
the  manual  mode.  Rectangular  strips  (25mm  x  5mm  x  0.28mm) 
were  stretched  in  strain  increments  of  0.2  mm  (about  0.8%)  and 
the  equilibrium  force  was  measured  at  each  point.  The  modulus 
was  calculated  as  the  slope  of  a  stress  versus  strain  line  obtained 
from  a  linear  regression  of  eight  experimental  points.  Correlation 
coefficients  were  always  0.99  or  better. 

3.2  In  situ  Tests 

Twenty  trial  fibers  were  manufactured  from  the  model  fiber 
coating  systems  utilizing  standard  production  towers  under 
commercial  operational  conditions.  The  in  situ  modulus  and  pull 
out  force  were  measured  immediately  thereafter. 

3.2.1  In  situ  modulus.  We  determined  the  in  situ  modulus 
(ISM)  by  gluing  a  1  cm  section  of  one  end  of  the  fiber  onto  an 
immobile  substrate,  attaching  a  weight  on  the  free  end,  and 
measuring  the  fiber  displacements  [I,  2].  We  made  five 
measurements  with  weights  ranging  from  10  to  70  grams.  The 
shear  modulus  is  given  by  G=[a2l2p]EA*\n{R:/R})  [4],  where  E  is 
the  glass  modulus.  A  is  the  area  of  the  fiber,  R2  and  R}  are  the 
outside  and  inside  radii  of  the  primary’,  and  a  is  defined  by 
Fl/(dEA)  =  (al)tanh(al).  (This  expression  includes  a  correction  for 
glass  stretch.)  Here,  d  is  the  displacement,  /  is  the  gauge  length, 
and  F  is  the  force  on  the  fiber.  We  assumed  a  rubbery  Poisson’s 
ratio  of  V2  and  reported  3  times  G  as  a  tensile  modulus.  The 


repeatability  of  the  test  is  about  5  psi.  and  the  variation  between 
samples  drawn  on  different  days  is  about  10  psi.  The  visual 
examination  required  by  the  specimen  preparation  for  the  ISM 
testing  also  revealed  the  immediate  delamination  of  the  primary' 
coating  from  the  glass  substrate  for  several  of  the  developmental 
coating  systems. 

3.2.2  Fiber  pull  out  force.  The  fiber  pull  out  force  is  a 
measure  of  the  tensile  shear  resistance  of  the  primary  coating  at  the 
glass  substrate  surface.  It  correlates  well  with  the  in  situ  modulus 
in  general,  although  not  always,  making  it  another  helpful 
indication  of  process-related  coating  characteristics  such  as  cure 
dependence  on  the  UV  dose.  We  used  the  OFS-standard  method 
to  measure  the  pull  out  force  [1,5].  We  attached  the  ends  of  the 
fiber  samples  onto  paper  tabs  with  an  acrylate  glue  and  made  an 
incision  in  the  coating  1  cm  from  one  end  of  the  fiber.  We  then 
recorded  the  maximum  force  measured  by  an  Instron  test  machine 
to  pull  the  fiber  out  of  the  coating  at  a  cross-head  speed  of  0.2 
in/mi n  (0.085  mm/s).  The  pull  out  force  w'as  the  maximum 
averaged  over  seven  samples.  The  standard  deviation  was 
typically  0.1  lb/cm;  if  it  was  larger  than  0.2  Ib'cm,  the  test  was 
repeated  using  seven  new  samples. 


Motor  Drive 


Load 


Free  Floating  Mate 
Capture  Plate 
0.25”  Stcd  Rod 

Specimen 
Flat  Glass  Plate 


Figure  2.  Delamination  test  set-up. 


3.2.3  Delamination  testing.  Figure  2  illustrates  the  test  setup 
we  used  to  measure  delamination  resistance.  An  optical  fiber  was 
placed  on  a  glass  slide  fixed  to  an  aluminum  block  on  the 
delaminator  so  that  the  fiber  is  aligned  with  the  center.  A  free- 
floating  plate  connected  to  a  1/4”  diameter  rod  was  loaded  with  a 
desired  test  weight  and  lowered  at  a  speed  of  1.7  mm/sec  onto  the 
fiber.  The  loaded  rod  was  allowed  to  rest  on  the  fiber  for  5  seconds 
and  then  raised  off  the  sample.  The  block  was  moved  1/4”  to 
expose  a  new  test  region,  and  the  test  was  repeated.  After  30  sites 
were  impacted,  the  slide  was  removed  from  the  delaminator.  and  a 
liquid  matching  the  coating’s  index  of  refraction  w;as  applied  to 
the  fiber.  The  impacted  areas  were  then  examined  with  an  optical 
microscope  at  400X  magnification.  The  probabilities  of 
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delamination,  the  ratios  of  the  number  of  damaged  sites  to  the  total 
sites  (i.e.  30),  were  plotted  versus  load  in  grams.  These  data  were 
fit  by  linear  regression  and  the  load  for  50%  delamination  (called 
D50  in  this  paper)  was  determined.  A  typical  delamination 
generated  is  shown  in  Figure  3. 


Figure  3.  Typical  delamination  observed  during  testing 

4.  Model  Coating  Formulation 

4.1  Primary  Coatings 

As  discussed  previously,  the  primary  coating  properties  studied 
in  this  work  are  polarity,  elastic  modulus,  and  adhesion  to  glass. 
Our  strategy  was  to  formulate  two  families  of  coatings,  each 
based  on  a  different  oligomer,  a  "high  polarity"  and  a  "low 
polarity"  oligomer.  Within  each  family,  we  changed  the 
modulus  by  varying  small  amounts  of  monomers,  and  the 
adhesion  to  glass  was  modified  by  the  use  of  silane  coupling 
agents  (adhesion  promoters).  We  designed  all  of  the 
formulations  to  have  a  viscosity  of  approximately  6,500  cps  at 
23°C  to  ensure  consistent  fiber  coating  application. 

The  oligomers  chosen  were  off-the-shelf  commercially  available 
urethane-acrylate  oligomers  marketed  for  flexible,  low  Tg 
coatings.  These  oligomers  consist  of  a  polymer  backbone  with  a 
molecular  weight  on  the  order  of  a  few  thousand,  end-capped 
with  acrylate  groups  through  urethane  linkages.  The  original 
intention  was  to  employ  a  polyester  backbone  as  the  "high 
polarity"  oligomer  and  a  polyether  backbone  as  the  "low 
polarity"  oligomer.  Infrared  analysis,  however,  showed  that  the 
polyether-based  oligomer  contained  a  much  larger  concentration 
of  urethane  groups  than  the  polyester-based  oligomer 
(presumably  indicating  that  the  polyether  backbone  is  shorter 
than  the  polyester  backbone).  This  higher  urethane 
concentration  provides  the  polyether-based  oligomer  with  a 
higher  polarity.  Water  absorption  and  contact  angle 
measurements  on  cured  coatings  indeed  confirmed  that  the  high- 
urethane  polyether  oligomer  is  more  polar  than  the  low-urethane 
polyester  oligomer.  The  results  are  shown  in  Table  3. 


Table  3.  Water  absorption  and  contact  angle  results 


Coating 

%  Water 
absorption 

Contact  angle, 
deg 

Polyether-based  coatings 

0.98±0.08 

75±3 

Polyester-based  coating 

0.6±0.00 

80±5 

4.1.1  High  polarity  formulations.  As  a  starting  point,  a 
control  coating  formulation  was  designed  to  have  a  viscosity  of 
6,500  cP  and  an  elastic  modulus  of  1.1  MPa,  with  no  silane 
coupling  agent.  The  commercial  polyether  oligomer  employed  is 
provided  neat,  without  a  diluent,  and  has  a  very  high  viscosity.  To 
decrease  both  the  viscosity  and  the  cross-link  density  to  achieve 
the  desired  values,  we  added  monomeric  ethoxylated  nonyl 
phenyl  acrylate  (ENPA)  and  lauryl  acrylate  (LA).  The  use  of 
ENPA  was  dictated  by  two  important  features:  a)  the  aromatic 
moiety  in  this  monomer  raises  the  refractive  index  of  the  liquid 
formulation  to  values  consistent  with  the  requirements  of  the  fiber 
drawing  operation,  and  b)  its  relatively  high  viscosity  as  compared 
to  other  monomers  permits  the  use  of  a  relatively  large  amount  of 
this  monomer  to  lower  the  cross-link  density  without  lowering  the 
viscosity  to  unacceptable  levels.  We  used  lauryl  acrylate  to  fine- 
tune  the  crosslink  density.  In  addition,  since  the  cross-link  density 
needed  to  be  lower  than  that  achievable  with  the  aforementioned 
components  (while  keeping  the  right  viscosity),  we  added  a  chain- 
transfer  agent,  iso-octyl  mercaptopropionate  (IOMP).  IOMP  also 
acts  as  a  control  for  the  silane  coupling  agent,  as  explained  below. 
The  composition  of  the  high  polarity,  low  modulus,  no  adhesion 
promoter  primary  coating  formulation  (control)  is: 


Polyether  urethane  acrylate  oligomer  68  parts  (wt) 

Ethoxylated  nonyl  phenyl  acrylate  (ENPA)  21  parts 

Lauryl  acrylate  (LA)  5  parts 

Iso-octyl  mercaptopropionate(IOMP)  4  parts 

Photoinitiator  (Ciba  Irgacure  1700)  2  parts 


Within  this  high  polarity  family,  we  modified  the  modulus  by 
replacing  the  lauryl  acrylate  with  1 ,6-hexanediol  diacrylate 
(HDD A).  The  use  of  a  diacrylate  instead  of  a  mono-acrylate 
increases  the  cross-link  density.  Thus,  the  "high  modulus" 
"polar"  coatings  have  5  parts  HDD  A  instead  of  LA.  We 
prepared  the  "high  adhesion"  coatings  by  substituting  2  parts  of 
IOMP  with  2  parts  of  -mercaptopropyl  trimethoxysilane 
(MPTMS).  MPTMS,  a  commonly-used  adhesion  promoter, 
improves  adhesion  by  reacting  covalently  with  both  the  polymer 
network  (through  the  mercaptan  functionality)  and  the  glass 
substrate  (through  the  alkoxysilane  functionality).  By  using 
IOMP  as  the  control  for  MPTMS,  no  change  in  crosslink 
density  is  caused  by  substituting  one  for  the  other,  since  both 
have  the  mercaptan  functionality  to  react  with  the  polymer 
network.  Some  formulations  have  a  "medium"  modulus.  These 
coatings  contain  2.5  parts  LA  and  2.5  parts  HDD  A.  Likewise, 
the  "medium"  adhesion  promoter  formulations  have  only  1  part 
MPTMS. 

4.1.2  Low  polarity  formulations.  We  designed  a  control 
formulation  based  on  the  low-urethane  polyester  oligomer  to  have 
a  viscosity  of  about  6,500  cP  and  a  modulus  of  1.1  MPa.  The 
oligomer  we  used  comes  with  ENPA  as  diluent.  In  this  case, 
because  of  the  higher  molecular  weight  of  the  oligomer  backbone, 
it  was  necessary  to  add  multifunctional  monomers  to  the  control 
formulation  to  increase  the  cross-link  density  and  achieve  the 
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desired  modulus.  In  particular,  a  high  viscosity  monomer  was 
needed  to  avoid  dropping  the  viscosity  of  the  formulation  to 
undesirable  values.  We  used  pcntaerythritol  triacrylatc  for  this 
purpose.  Even  though  this  introduces  a  hydroxyl  functionality  to 
the  low  polarity-  formulations,  it  should  be  kept  in  mind  that  the 
high  urethane  concentration  in  the  high  polarity  formulations  still 
dominates,  as  demonstrated  by  water  absorption  and  contact  angle 
measurements.  The  monofunctional  acrylate  used  in  this 
formulation  was  ethoxy ethoxycthyl  acrylate.  A  small  amount  of 
tetraethyleneglycol  diacrylate  was  also  employed  to  fine-tune  the 
modulus.  Since  there  was  no  need  to  use  a  chain  transfer  agent  to 
lower  the  cross-link  density,  the  amount  of  IOMP  used  was  only 
as  much  as  needed  as  a  control  for  the  adhesion  promoter 
MPTMS.  The  composition  of  the  low  polarity,  low  modulus,  no 
adhesion  promoter  formulation  is: 


Polyester  urethane  acrylate  oligomer  79.3  parts 

Pentaerythritol  triacrylate  (PETA)  7  parts 

Ethoxyethoxyethyl  acrylate  (EEEA)  6.8  parts 

Tetraethyleneglycol  diacrylate  (TEGA)  2.9  parts 

Iso-octyl  mercaptopropionate  (IOMP)  2  parts 

Photoinitiator  (Ciba  Irgacure  1 700)  2  parts 


Within  this  low  polarity  family,  the  high  modulus  formulations 
were  generated  by  substituting  5  parts  of  EEEA  with  5  parts  of 
diethyleneglycol  diacrylate  (DEGDA).  and  the  high  adhesion 
formulations  were  obtained  by  replacing  the  IOMP  with 
MPTMS.  As  before,  the  "medium  modulus"  formulations  were 
obtained  by  replacing  2.5  parts  of  EEEA  with  2.5  parts  of 
DEGDA.  and  the  "medium  adhesion"  samples  were  formulated 
by  replacing  1  part  of  IOMP  with  one  part  MPTMS. 

4.2  Secondary  Coatings 

Only  one  variable  w’as  manipulated  in  the  secondary  coatings: 
the  glass  transition  temperature  (Tg).  The  "low'  Tg"  coating  was 
formulated  using  a  commercially  available  aromatic  polycthcr 
urethane  acrylate  oligomer  diluted  with  tripropylcncglycol 
diacrylate  to  obtain  the  right  viscosity.  The  glass  transition  of 
the  cured  coating  (as  measured  by  differential  scanning 
calorimetry')  was  82°C. 

W  e  formulated  the  "high  Tg"  coating  from  a  low  molecular 
weight  polyester  urethane  acrylate  oligomer  diluted  with  1,6- 
hexanedio!  diacrylate.  The  glass  transition  of  the  fully  cured 
coating  was  measured  to  be  128°C. 

5.  Designed  Experiment  Output 

5.1  Coated  fiber  characterization 

The  primary’  coating  in  situ  moduli  and  fiber  pull  out  forces, 
measured  as  described  in  sections  3.2. 1-2,  are  shown  in  Tabic  4. 
The  standard  deviation  for  the  in  situ  modulus  is  10  psi  and  for 
the  fiber  puli  out  force  0.1 -0.2  lb/cm. 


5.2  Delamination  testing 

The  delamination  results  are  presented  in  Table  4  as  the  force 
required  to  achieve  a  50%  probability  of  delaminating  the 
primary  coating  (see  section  3.2.3).  A  value  of  zero  indicates 
spontaneous  dclamination  during  draw  or  handline. 


Table  4.  In  situ  modulus,  fiber  pull  out  force,  and  delamination 
results. 


Run 

order 

POLAR 

PRIMOD 

ADHPROM 

SECTG 

ISM 

PO 

D50 

1 

-I 

160 

0 

82 

132 

1.41 

203 

2 

1 

290 

0 

82 

182 

2.37 

433 

3 

-1 

160 

2 

82 

229 

1.52 

189 

4 

-1 

290 

2 

82 

306 

1.99 

172 

5 

1 

160 

2 

82 

166 

2.21 

428 

6 

1 

290 

2 

82 

232 

2.64 

470 

7 

-1 

160 

0 

128 

114 

0.66 

0 

8 

-1 

290 

0 

128 

173 

1.52 

196 

9 

1 

160 

0 

128 

69 

1.17 

0 

10 

1 

290 

0 

128 

177 

2.20 

0 

11 

-1 

290 

2 

128 

173 

1.52 

207 

12 

i 

160 

2 

128 

158 

2.17 

0 

13* 

-1 

225 

1 

128 

150 

2.27 

495 

14* 

1 

225 

1 

82 

205 

1.71 

0 

15 

1 

160 

0 

82 

84 

1.78 

122 

16 

-I 

160 

2 

128 

219 

0.82 

0 

17* 

-1 

225 

1 

82 

197 

1.788 

216 

18 

-1 

290 

0 

82 

202 

1.70 

203 

19 

1 

290 

2 

128 

217 

2.30 

656 

20* 

1 

225 

1 

128 

126 

1.93 

0 

*  Withheld  points  used  to  test  the  model  predictions 


6.  Finite  Element  Analysis 

In  this  section,  we  describe  a  finite  element  calculation  we  used 
to  predict  the  mechanics  of  delamination.  The  model  of  the  fiber 
on  a  pin  is  shown  in  Figure  4.  The  fiber  end  furthest  from  the 
pin  is  fixed  and  placed  under  tension.  The  revealed  section  for 
the  pin  and  the  fiber  end  sitting  on  the  pin  are  symmetry 
conditions  where  the  pin  is  pushed  up  against  the  fiber.  Using 
the  Ansys  5.5  commercial  finite-element  program,  we  are  able  to 
track  the  stresses  that  develop  in  this  composite  structure. 
Specifically,  for  delamination,  tensile  radial  stresses  at  the  glass¬ 
primary'  coating  interface  are  a  necessary  precursor.  The  model 
uses  3-D  brick  elements  for  the  coatings,  fiber  and  pin.  The 
principal  mechanism  for  generating  stresses  is  the  contact 
between  the  coated  fiber  and  the  pin.  which  requires  contact 
elements. 
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Figure  4.  Symmetric  finite  element  model  for  the  fiber  on  a  pin 


Figure  5  shows  the  radial  stress  contours  on  the  surface  of  the 
optical  fiber  for  one  set  of  material  and  geometric  properties. 
The  shaded  regions  on  the  lower  section  of  the  fiber  indicate  the 
shape  and  magnitude  of  these  tensile  radial  stresses.  This 
section  of  the  fiber  is  directly  above  the  pin.  The  calculated 
tensile  radial  stress  distribution  agreed  well  with  photographs  of 
delaminations  (not  shown  here). 
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Figure  5.  Radial  Tensile  Stresses  at  the  surface  of  the  fiber 
above  the  pin. 

7.  Results  and  Conclusions 

Table  5  shows  the  least-square  coefficients  of  the  main  effects 
and  interactions  for  normalized  factors,  i.e.,  -1  to  +1  variation. 
B0  is  the  intercept  of  the  least-squares  line,  and  the  other 
numbers  are  the  slopes  associated  with  each  main  effect  (factor) 
or  interaction.  A  positive  slope  indicates  positive  correlation,  so 
that,  for  example,  increasing  the  primary  modulus  from  160  to 
280  psi  (-1  to  +1)  increases  the  in  situ  modulus  by  about  61  psi 
(2*30.6)  when  the  interactions  are  zero  (all  other  factors  at 
midpoints).  Negative  correlations  show  the  reverse  behavior,  so 
e.g.  increasing  the  secondary  Tg  from  80°C  to  130°C  decreases 
the  delamination  force  required  to  achieve  a  50%  probability  of 
delamination  (D50)  by  about  145  grams,  again  in  the  absence  of 
interactions. 


Table  5.  Least  square  coefficients 


Main  effects 
and 

interactions 

IM,  psi 

PO,  lb/cm 

D50,  g 

BO 

Intercept 

177.1 

1.75 

204.9 

xl 

POLAR 

-16.3 

0.35 

58.7 

x2 

PRIMOD 

30.6 

0.28 

87.2 

x3 

ADHPROM 

35.6 

0.15 

60.3 

x4 

SECTG 

-14.6 

-0.20 

-72.6 

xlx2 

10.9 

-0.01 

38.9 

xlx3 

-2.8 

0.08 

64.6 

xlx4 

9.3 

0.06 

-27.1 

x2x3 

-11.2 

-0.06 

23.8 

x2x4 

-8.2 

0.06 

45.2 

x3x4 

-6.3 

0.01 

23.1 

7.1  Main  effects 

The  largest  main  effects  on  the  in  situ  modulus  are  the  adhesion 
promoter  concentration  and  the  primary  modulus  of  the  sheets, 
the  magnitudes  of  which  are  the  same  within  the  experimental 
error.  Polarity  may  have  a  greater  influence  on  the  pull  out  force 
than  the  adhesion  promoter  concentration;  the  dependence  of  the 
resistance  on  the  modulus  is  the  subject  of  a  recent  patent  [6]. 
The  delamination  resistance  depends  about  equally  on  all  four 
factors. 

Note  that  all  three  responses  correlate  negatively  with  the 
secondary  Tg.  The  effects  on  pull  out  force  and  delamination 
resistance  we  believe  are  owing  to  thermal  expansion  differences 
between  the  primary  and  secondary  coatings.  The  secondary 
contracts  rapidly  as  the  fiber  cools  down  after  exiting  the 
ultraviolet  curing  lamps  until  it  reaches  its  Tg,  where  the  rate  of 
contraction  slows  considerably.  The  primary  coating  continues 
to  contract  at  the  same  rate,  however,  as  it  is  still  well  above  its 
Tg.  As  the  primary  is  adhered  to  the  secondary  coating,  its 
continuing  shrinkage  leads  to  increased  tension  at  the  primary- 
glass  interface,  which  reduces  the  adhesive  forces.  (Reference  2 
contains  a  detailed  analytical  calculation  of  these  effects.)  The 
resulting  effect  on  the  delamination  force  was  graphically 
demonstrated  in  this  evaluation:  Many  of  the  high  glass 
transition  secondary  fibers  could  not  be  tested.  The  primary- 
glass  interface  either  failed  upon  take-up  on  the  draw  spool  or 
during  handling  prior  to  delamination  testing. 

The  negative  effect  of  the  secondary  Tg  on  the  in  situ  modulus 
may  be  also  the  result  of  the  increased  tension,  perhaps  because 
the  higher  Tg  secondary  had  more  reactive  functional  groups, 
which  would  raise  the  enthalpy  of  reaction  and  the  fiber 
temperature,  which  would  reduce  the  primary  modulus. 

The  delamination  resistance  increase  observed  with  an 
increasing  primary  modulus  is  owing  to  a  reduction  of  the  stress 
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delivered  to  the  primary-glass  interface  when  the  fiber  is 
mechanically  perturbed.  In  other  words,  a  higher-modulus 
primary  absorbs  more  of  the  stress  from  deformation  than  a 
lower-modulus  material.  The  stress  redistribution  is  confirmed 
by  the  finite  element  analysis  discussed  in  Section  6. 

7.2  Interactions 

Interactions  between  the  main  effects  are  most  significant  for  the 
delamination  resistance  response.  The  largest  of  these  is  the 
positive  interaction  between  the  polarity  and  the  adhesion 
promoter  (X]X3  in  Table  5).  w'hich  means  that  higher  polarity 
increases  the  effect  of  the  adhesion  promoter  on  D50  and  higher 
adhesion  promoter  increases  the  effect  of  polarity.  In  fact, 
looking  at  Figure  6,  there  is  no  effect  of  the  adhesion  promoter 
at  low  polarity  and  no  effect  of  polarity  with  zero  adhesion 
promoter.  (The  surfaces  in  these  3-D  figures  represent  the  linear 
least-squares  fit  to  the  data.  The  curvature  of  the  surfaces  is 
larger  when  the  interactions  between  factors  are  greater.)  This 
reflects  greater  uncertainty  in  the  measurement  at  very  low 
adhesion.  The  samples  with  higher  secondary  Tg  were  especially 
likely  to  delaminate  spontaneously.  Figure  6  represents 
estimates  taken  at  the  Tg  midpoint,  which  is  the  reason  D50  is 
not  zero  at  the  vertices,  and  is  the  likely  cause  of  the  lack  of 
dependence  in  Figure  6  at  the  extremes  of  low  polarity  and  zero 
adhesion  promoter. 

The  second  largest  interaction  is  x2x4,  or  primary  modulus  and 
secondary  Tg,  which  is  again  positive.  Figure  6  shows  that  a 
combination  of  a  low-modulus  primary  and  high  Tg  secondary 
results  in  spontaneous  delamination.  Higher-modulus  primaries 
ameliorate  the  reduction  in  tension  caused  by  the  thermal 
shrinkage  through  the  stress-reduction  mechanism  discussed 
above. 


Figure  6.  Effect  of  adhesion  promoter  and  primary  coating 
polarity'  on  delamination  resistance. 


Decreasing  primary  polarity  reduces  the  effect  the  primary 
modulus  has  in  increasing  delamination  resistance,  as  shown  in 
Figure  8,  and  this  is  the  third-largest  interaction  (x^; 
considering  the  error  of  the  measurement,  the  magnitude  is 
comparable  to  x2x4). 


Figure  7.  Effect  of  secondary  coating  Tg  and  primary  coating 
modulus  on  delamination  resistance. 


Figure  8.  Effect  of  primary  coating  polarity'  and  primary'  coating 
modulus  on  delamination  resistance. 

Table  6  indicates  that  the  high-polarity'  primary'  coatings  have 
lower  in  situ  moduli  than  the  corresponding  low-polarity' 
coatings.  This  behavior  is  presumably  owing  to  a  different 
reaction  pathway  at  the  high  temperatures  experienced  in  the 
fiber  draw  tower.  The  high-polarity'  formulations  employ  a 
larger  concentration  of  mercaptan  chain  transfer  agent  in  order 
to  adjust  the  room-temperature  modulus.  In  addition,  they  are 
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based  on  a  polyether  backbone,  which  is  prone  to  chain  transfer 
reactions  because  it  can  undergo  hydrogen  abstraction  by  free 
radicals  [7],  thus  affecting  the  way  in  which  the  material 
crosslinks  during  cure.  It  has  been  proposed  that  the 
temperature  sensitivity  of  chain  transfer  reactions  may  be 
responsible  for  the  lower  moduli  of  UV-cured  acrylates  reacted 
at  high  temperatures  [8].  Note  in  Figure  9  that  the  equilibrium 
modulus  of  the  high-modulus  variant  of  the  low-polarity  coating 
is  about  the  same  as  that  of  the  low-modulus  coating,  as  the 
modulus  decreases  substantially  as  the  temperature  increases.  In 
contrast,  as  shown  in  Figure  10,  the  modulus  of  the  high- 
modulus,  higher-polarity  coating  increases  slightly  with 
temperature,  which  is  the  expected  behavior  for  rubbers.  A 
closer  look  at  Figure  9  reveals  a  shoulder  to  the  right  of  the  tan 
delta  peak  of  the  "high  modulus"  coating,  indicating  perhaps  the 
existence  of  a  two-phase  system.  The  coatings  of  Figure  9 
consist  of  a  polyester  backbone  and  several  monomers, 
including  a  diacrylate  and  a  triacrylate.  The  high-modulus 
version  has  an  additional  diacrylate.  The  apparent  two-phase 
behavior  of  this  coating,  together  with  its  unexpectedly  low 
equilibrium  rubbery  modulus,  may  be  explained  by 
hypothesizing  that  the  additional  diacrylate  utilized  to  increase 
the  modulus  contributed  to  the  development  of  a  heterogeneous 
crosslinked  structure  consisting  of  two  domains:  a  relatively 
lightly  crosslinked  domain  where  the  crosslink  density  is 
determined  by  the  oligomer  molecular  weight,  and  a  small 
second  phase  of  rigid  nodules  formed  by  the  diacrylate  and 
triacrylate  monomers.  On  the  other  hand,  the  polyether-based 
coatings  of  Figure  10,  which  have  a  shorter  oligomer  backbone 
and  fewer  crosslinking  monomers,  proved  to  be  more 
homogeneous. 

The  reduced  cross-linkage  may  also  account  for  the  reduction  in 
the  delamination  resistance  at  lower  polarity.  Per  the  above 
discussion,  this  would  reduce  the  capability  of  the  primary 
coating  to  absorb  the  stress  of  an  imposed  deformation. 


Table  6.  Effect  of  primary  polarity  on  in  situ  modulus. 


- - - -  t - - £ - - - — - 

In  situ  Modulus  in  psi 

Low  polarity 

High  polarity 

Secondary 

T* 

High 

modulus 

Low 

modulus 

High 

modulus 

Low 

modulus 

low 

161 

112 

147 

75 

high 

137 

99 

141 

64 

The  effect  of  adhesion  promoter  and  primary  modulus  on  the  in 
situ  modulus  is  shown  in  Fig.  11.  This  is  the  x2x3  interaction, 
which  is  negative  according  to  Table  5.  This  means  that 
increasing  adhesion  promoter  decreases  the  dependence  of  the  in 
situ  modulus  on  the  primary  modulus.  On  the  other  hand,  the  in 
situ  modulus  is  uniformly  higher  at  higher  promoter 
concentrations.  The  adhesion  promoter  increases  the  cross-link 
density,  and  it  interacts  strongly  with  the  cross-linking  agent. 


The  least-squares  expression  for  the  modulus  of  sheets  of  the 
low-polarity  primaries  was  (MA)  =  1.0*(M0)  +  325*(A)  +  0.54*( 
M0)  *(A)  +  9.35,  where  M0  is  the  modulus  (psi)  without 
adhesion  promoter  (AP),  MA  is  the  modulus  with  AP,  and  A  is 
the  concentration  of  AP.  The  large  interaction  coefficient  shows 
that  cross-linking  agent  added  to  increase  the  modulus  boosted 
the  modulus  by  more  than  expected  when  an  adhesion  promoter 
was  present.  The  least-squares  expression  for  the  ISM  from 
Table  5  is  M(30.6+10.9P-11.2A-8.2T)  -  P(16.3+2.8A-9.3T)  + 
A(35.6-6.3T)  -  14.6T  +  177.1,  where  P  is  the  polarity,  M  the 
sheet  modulus,  T  the  secondary  Tg,  and  A  the  adhesion  promoter 
concentration.  Analogous  to  the  behavior  on  sheets,  ISM 
increases  as  A  increases  (the  negative  A-M  interaction  is  more 
than  offset  by  the  positive  sign  and  magnitude  of  the  A 
coefficient.) 


Figure  9.  DMA  curves  of  low  and  high  modulus,  low  polarity 
primary  coatings. 


Figure  10.  DMA  curves  of  low  and  high  modulus,  high  polarity 
primary  coatings. 

7.3  Linearity  assumption 

Table  7  shows  the  residuals  of  the  four  trials  that  were  added  to 
the  factorial  design  at  the  midpoints  of  the  modulus  and  the 
adhesion  promoter  and  not  included  in  the  analysis. 
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Table  7.  Residuals  -  Estimates-Measurcmcnts 


Trial 

13 

14 

17 

20 

In  situ  modulus 

19.6 

-38.5 

20.3 

29.4 

pull  out  force 

-1.13 

0.53 

-0.12 

0.03 

D50 

-395 

363 

-24 

164 

The  linearity  assumption  is  worst  for  trials  13  and  14  for  all 
three  responses  but  particularly  for  the  pull  out  force  and  the 
delamination  resistance.  Accurate  prediction  of  these  responses 
over  the  full  range  might  require  additional  trials  between  the 
vertices  of  the  design. 


Figure  11.  Effect  of  adhesion  promoter  and  primary  modulus  on 
in  situ  modulus. 
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8.  Summary 

Because  most  commercial  fiber  coating  formulations  are 
proprietary  to  the  suppliers,  measuring  the  critical  properties  of 
optical  fiber  coating  systems  in  which  details  of  the  chemistry 
are  known  represents  an  unusual  opportunity  for  a  fiber 
manufacturer.  With  these  systems,  we  have  been  able  to 
establish  a  quantitative  relationship  between  a  coating  system ’s 
molecular  structure  and  its  mechanical  and  adhesive  properties 
on  glass.  Our  designed  experiment  has  enabled  us  to  extract  the 
maximum  amount  of  information  from  the  responses,  which  will 
be  helpful  to  our  suppliers  and  us  in  formulating  next-generation 
coatings. 
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Abstract 

One  important  performance  parameter  for  UV  curable  fiber  optic 
inks  is  adhesion  between  the  color-coding  ink  layer  and  underlying 
outer  primary  coating.  The  adhesion  performance  is  difficult  to 
quantify,  especially  on  the  fiber  itself.  Flat  film  sandwiches  of  ink 
and  outer  primary'  do  not  represent  the  actual  geometry,  dimensions, 
and  cure  conditions  of  the  coatings  on  fiber.  A  current  industry 
practice  to  quantify  adhesion  on  fiber  is  to  perform  a  solvent-rub 
test  until  ink  delaminates.  However,  solvent  and  mechanical 
contributions  cannot  be  separated  and  solvent  diffusion  plays  a 
significant  role  in  the  interfacial  failure  during  the  rub  test.  Micro¬ 
mechanical  properties  of  film  interfaces  can  be  characterized  with 
scratch  instrumentation.  This  paper  describes  scratch  investigations 
of  ink  and  coating  layers  on  optical  fibers.  The  utility  of  micro¬ 
scratch  and  nano-scratch  techniques,  and  of  blade  versus  traditional 
tip  shapes,  for  characterizing  coatings  on  optical  fiber,  is  explored. 
The  nature  and  threshold  for  ink  delamination  arc  compared  for  inks 
differing  in  mechanical  properties  and  rub  test  performance. 

Keywords 

Optical  fibers:  coatings;  micro-mechanical;  adhesion;  UV-curablc; 
on-fiber  analysis:  micro-scratch. 

1.  Introduction 

Optical  fibers  are  typically  colored  with  UV-curablc  inks  for 
visual  identification  of  individual  fibers  assembled  into  ribbons  or 
loose  tubes.  A  polymeric  ink  layer  (3-6  pm)  colors  each  fiber 
(125  pm  diameter)  that  has  been  coated  with  inner  and  outer 
primary  coatings  (40  to  60  pm  each).  Adhesion  between  the  ink 
and  outer  primaiy  is  important  for  the  fiber  to  retain  its  color 
under  handling  and  aging  stresses. 

Methods  to  quantify  adhesion  of  optical  fiber  inks  are  not 
straightforward.  The  cure  conditions  and  dimensions  of  thin  films 
on  cylindrical  fibers  cannot  accurately  be  reproduced  with  flat 
film  sandwiches.  On  fiber  coatings  will  be  subjected  to  different 
geometrical  stresses,  line  speeds,  lamp  distances,  exposure  times, 
temperatures,  and  oxygen  permeation  depths  than  flat  films. 
Many  adhesion  methods  are  designed  for  macroscopic  fiat  film 
measurements  and  are  not  suitable  to  measure  coatings  on  fiber. 
Tensile  tests  to  measure  coating  adhesion  on  fiber1,2  can  be 


complicated  by  shearing  of  low  modulus  coatings  in  a  multiple 
coating  system  of  this  nature. 

Industry  has  adopted  a  solvent  rub  method  to  qualify  adhesion  of 
inks  on  optical  fibers.  Inked  fiber  held  between  solvent-saturated 
Kimwipcs®  is  rubbed  back  and  forth  with  a  set  force  across  a 
fixed  distance.  Ink  passes  the  adhesion  test  when  it  remains  intact 
beyond  200  double  rubs.  Experiments  performed  in  our  labs  have 
indicated  that  solvent  diffusion  is  a  primary  contributor  to  ink 
failure  in  the  rub  test.  Variations  in  ink  thickness  significantly 
affect  the  number  of  rubs  to  ink  failure.  Design  of  coatings  with 
specific  adhesion  behavior  will  require  quantification  of  relative 
adhesion  values  for  coatings  on  fiber  independent  of  solvent 
impact  on  coating  integrity. 

Sampling  and  test  procedures  that  minimize  alteration  of  the 
sample  itself  would  be  valuable  to  clarify  the  interfacial  behavior 
of  the  coatings.  Surfaces  can  be  studied  by  force  microscopy  with 
or  without  the  sample  being  exposed  to  solvent.  Samples  are  most 
often  flat  substrates  coated  with  a  single  film:  optical  fiber 
coatings  are  more  difficult  to  analyze  because  of  the  geometry  and 
scale  of  the  films  and  fiber,  and  very  little  analysis  has  been 
reported  for  optical  fiber  coating  interfaces.  Ozgur,  Gebizliouglu. 
and  Kurkjian3  used  an  atomic  force  microscope  (AFM)  with  a 
nanoindentation  /  nanoscratch  tip  to  look  at  surface  cleanliness  of 
optical  fiber  after  stripping,  but  w'ere  measuring  residual 
roughness  on  the  order  of  nanometers,  and  did  not  measure 
adhesion.  For  our  system,  sampling  the  interface  between  intact 
micron-scale  fiber  coatings  would  require  a  larger  probe  that  can 
penetrate  through  the  upper  layer,  or  a  means  to  access  the 
interface  end-on.  We  have  observed  that  fiber  coatings  are  easily 
damaged  when  embedded  and  microtomed  to  create  end-on 
samples.  Another  w'ay  to  examine  the  coating  interface  is  by 
indentation  and  scratch  techniques  that  can  penetrate  the  upper 
film.  Scratch  and  indentation  techniques  have  been  used  to 
measure  coating  durability,  wherein  load  to  film  failure  is  taken  as 
an  indicator  of  adhesion.4  Microscratch  with  a  diamond  blade 
was  used  to  examine  fracture  of  200  nm  metallic  coatings  on 
optical  fiber,  but  has  not  been  reported  for  polymer  films  on 
optical  fiber  or  for  multi-coat  films  on  fiber.5  We  set  out  to 
investigate  the  utility  of  the  scratch  technique  for  characterizing 
the  ink-secondary  coating  interface  on  fiber. 
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2.  Experimental 

Optical  fiber  samples  were  characterized  with  a  nanoscratch  tester 
(NST)  and  with  a  microscratch  tester  (MST)  from  CSEM  at  Micro 
Photonics  (Irvine,  CA).  Fibers  were  glued  flat  onto  microscope 
slides  that  were  mounted  onto  the  sample  stage.  The  scratch 
experiment  involved  drawing  a  small  stylus  along  the  longitudinal 
axis  of  the  coated  fiber,  while  a  progressive  normal  load  was 
applied  to  the  stylus  at  a  fixed  rate.  The  depth  of  the  stylus  was 
profiled  and  critical  loads  (Lc)  for  failure  were  identified  as  the 
scratch  was  optically  monitored  (50x-1000x)  to  observe  fracture 
events.  The  NST  with  a  medium  load  cell  had  a  force  range  of  10 
pN  to  100  mN,  and  the  range  of  the  MST  was  5  mN  to  30  N.  A 
tungsten  carbide  (WC)  Rockwell  conical  indenter  with  10  pm 
radius  and  a  75°  diamond  blade  were  used  with  the  MST,  and  a  2 
pm  WC  Rockwell  conical  indenter  with  the  NST.  Example 
instrument  operating  parameters  we  used  are  shown  in  Table  1. 


Table  1.  Typical  operating  parameters  used. 


Parameter 

MST,  75°  blade 

NST,  2  pm  tip 

Prescan  load,  mN 

— ,  5 

— 

Initial  load,  mN 

5 

0.1 

Final  load,  mN 

700 

130 

Loading  rate,  mN/min 

700 

130 

Speed,  mm/min 

2 

1.4 

Scratch  length,  mm 

2 

1.4 

Fibers  (125  pm)  were  coated  with  different  types  of  ink  (3-6  pm) 
over  UV-cured  outer  and  inner  primary  layers  (40-60  pm  each) 
that  were  identical  for  every  sample.  Inks  were  also  characterized 
for  tensile,  elongation  and  modulus  (Instron  tensile  testing  of  3 
mil  flat  films),  and  for  resistance  to  MEK  solvent  rubs  (on  fiber). 
Here  we  compare  inks  with  good  solvent-rub  performance  to  an 
ink  with  poor  performance.  These  properties  are  shown  in  Table 
2. 


Table  2.  Physical  characterization  of  samples. 


Ink  type 

MEK*  rubs 

TEM*  (MPa  /  %  /  MPa) 

A 

>200 

25/  15/600 

B 

>200 

25-30/2-4/  1450-1650 

C 

20-30 

26/16/724 

*MEK(methylethylketone),  T(tensile),  E(elongation),  M(modulus) 

The  outer  primary  coating  has  TEM  properties  similar  to  that  of  the 
inks,  while  the  inner  primary  coating  is  a  much  lower  modulus, 
more  flexible  coating. 


3.  Results  and  Discussion 

3.1  Ink  B 

Ink  B  was  characterized  by  both  nanoscratch  and  microscratch 
methods.  The  NST  equipped  with  the  2  pm  tip  and  medium  load 
cell  was  not  sufficient  to  characterize  more  than  the  outer  ink  layer 
itself.  The  experiment  produced  a  surface  scratch  that  exhibited  a 
brittle  fracture  pattern  consistent  with  the  low  flexibility  of  the  ink, 
as  shown  in  Figure  1. 


Figure  1.  Optical  image  of  scratch  of  on-fiber  Ink  B, 
with  2  pm  tip  by  NST. 

The  profile  of  the  scratch  showed  that  the  tip  moved  steadily  into 
the  sample  without  sudden  changes  in  probe  depth.  The  higher  load 
range  available  with  the  MST  gave  us  the  opportunity  to  scratch  the 
sample  to  a  greater  depth.  The  ink  was  tested  on  the  MST  with  both 
the  conical  10  pm  tip  and  the  75°  blade.  Alignment  of  the  blade 
along  the  axis  of  the  fiber  was  much  easier  than  the  10  pm  round 
tip,  because  the  tip  had  a  tendency  to  slide  off  of  the  side  of  the 
fiber  due  to  its  curved  shape.  These  experiments  yielded  the  same 
type  and  sequence  of  coating  failure  events.  This  sequence  of 
failure  events  and  the  associated  loads  were  consistent  from  run  to 
run.  Critical  load  (Lc)  values  averaged  over  three  runs  (Table  3) 
verify  the  reproducibility  of  the  test. 

Table  3.  Reproducibility  of  Fracture  Events  for  Ink 
B  with  75°  Blade  on  MST. 


Ink  B, 

Fracture  Event 

Lc,  mN 

Standard 

deviation 

compression 

370 

7 

initial  fracture 

406 

11 

coating  removal 

514 

8 

The  scratch  profile  is  shown  in  Figure  2  and  optical  images  of 
fracture  events  are  shown  in  Figure  3.  The  first  noticeable  change 
in  the  sample  appeared  to  be  an  internal  compression  of  inner 
coatings  that  occurred  without  any  fracture  of  the  ink  surface 
itself.  The  tip  or  blade  exerted  enough  pressure  to  cause  the 
compression  at  this  load  level,  but  not  enough  to  break  through 
the  hard  outer  shell  of  the  high  modulus  ink.  Compression  was 
followed  by  brittle  fracture  of  the  outer  ink  surface;  the  image 
shows  the  cuts  produced  by  the  knife  as  it  chatters  along  the  ink. 
This  phase  is  accompanied  by  a  small  depth  change  consistent 
with  the  thickness  of  the  ink.  The  knife  finally  breaks  through  the 
ink,  delaminating  one  or  more  of  the  coatings  beneath.  This  event 
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Figure  2.  Scratch  profile  of  Ink  B  on  Fiber  using  75° 
blade  on  MST. 

is  accompanied  by  a  final  sharp  depth  change,  and  the  fiber  core 
soon  breaks  if  the  test  is  continued  beyond  this  point.  More  than 
one  coating  may  delaminate  at  once,  because  the  load  is  high 
enough  to  cut  into  any  of  the  coatings  at  this  point;  ink  would  not 
separate  from  the  secondary  if  sufficient  adhesion  exists  between 
them. 


Figure  3.  Optical  images  of  fracture  events  during 
scratch  testing  of  Ink  B  with  75°  blade  on  MST. 
Upper:  initial  compression.  Center:  initial  fracture 
of  outer  ink  surface.  Lower:  coating  delamination. 
200x 


3.2  Inks  A  &  C 

Inks  A  and  C  have  similar  physical  properties  with  the  distinction 
that  one  perfonned  well  in  the  solvent-rub  test  while  the  other  did 
not.  Both  inks  arc  more  flexible  and  lower  in  modulus  than  ink  B. 
and  this  is  apparent  in  the  images  of  fracture  shown  by  way  of 
example  in  Figure  4  for  ink  C.  These  two  inks  exhibited  nearly  the 
same  scratch  response,  with  the  distinction  that  the  ink  with  poor 
solvent-nib  performance  completely  delaminated  at  lower  critical 
load  (Table  4).  Even  though  the  outer  surface  of  inks  A  and  C 
fractured  under  similar  loads,  as  high  a  load  was  required  to  break 
through  the  lower  interface  of  ink  A  as  with  ink  B.  This  suggests 
that  inks  with  better  solvent-nib  performance  hold  up  better  to 
dclamination  under  scratch.  Fracture  of  the  outer  surface  of  the  ink 
should  relate  more  to  TEM  properties  than  to  interfacial  adhesion. 


Figure  4.  Optical  image  of  fracture  of  Ink  C  with  75° 
blade  on  the  MST.  Upper:  compression  of  the 
coatings.  Center:  ink  fracture.  Lower:  silica  core. 
200x 


Table  4.  Comparison  of  critical  loads  for  ink 
fracture  and  delamination. 


Ink 

Lc,  ml\ 
ink  fracture 

Lc,  mN 

ink  delamination 

A 

121 

543 

B 

406 

514 

C 

140 

316 
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4.  Conclusion 

The  drive  for  higher  performance  optical  fiber  coatings  will  place 
an  increasing  reliance  on  characterization  methods  that  accurately 
portray  coating  performance  on  fiber.  We  have  reported,  to  our 
knowledge,  the  first  implementation  of  scratch  methods  to 
characterize  UV  cured  inks  directly  on  coated  optical  fibers. 
Nanoscratch  and  microscratch  measurements  offer  the  opportunity 
to  analyze  micromechanical  properties  of  coatings  “as-are”  - 
minimizing  the  need  for  complex  preparation  schemes  that  might 
alter  properties,  and  eliminating  sampling  configurations  and  test 
conditions  that  don’t  accurately  represent  the  state  of  the  coating. 
A  blade-shaped  probe  worked  very  well  with  the  cylindrical  fiber 
geometry.  Our  study,  which  differentiated  inks  varying  in 
mechanical  behavior  and  solvent  resistance,  shows  scratch 
measurement  to  be  a  promising  technique  for  characterizing 
performance  of  coatings  on  fiber. 

5.  Continuing  Research 

Continuing  research  avenues  include  to: 

•Analyze  a  number  of  inks  by  microscratch.  Gain  a  better 
understanding  of  how  physical  properties  affect  coating  behavior 
in  scratch  tests. 

•  Further  establish  the  scratch  behavior  of  inks  that  perform  well 
or  poorly  in  solvent-resistance  tests. 

•Distinguish  solvent  versus  adhesion  contributions  by  correlating 
ink  failure  to  extent  of  solvent  exposure. 
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Abstract 

As  the  trend  of  fiber  to  the  home  (FTTH)  persists,  it  is  beneficial  for 
ribbon  matrix  and  buffer  coatings  to  possess  an  intrinsic  low 
coefficient  of  friction  without  the  lubricating  action  of  external 
greases.  In  order  to  test  the  friction  properties  of  new  matrix  or 
buffer  coatings  without  the  time  and  materials  necessary  to  produce 
a  high  fiber  count  ribbon,  a  test  has  been  devised  in  which  a  single 
fiber  is  upjacketcd  with  the  candidate  resin.  The  single  buffered 
fiber  is  pulled  along  a  control  ribbon  without  any  lubricating 
additives.  This  test  method  is  based  on  published  methodology  that 
is  used  in  the  industry  to  generate  CoF  data  for  ribbon  to  ribbon 
contact.  Since  the  single  buffered  fiber  has  been  coated  on  typical 
fiber  optic  coloring  and  ribboning  equipment  with  the  proper 
thickness  of  the  resin,  the  authors  observed  good  rank  order 
correlation  between  the  measured  sliding  friction  of  the  single  fiber 
and  a  typical  twelve-fiber  ribbon  of  standard  configuration.  This 
method  has  proved  a  significant  advantage  in  saving  time  and 
materials,  and  provides  a  much  better  coefficient  of  friction 
performance  prediction  than  flat  film  analyses.  Examples  arc 
presented  in  this  paper  that  demonstrate  this  correlation  between 
buffered  single  fiber  to  ribbon  and  ribbon  to  ribbon  coefficient  of 
friction  results. 

Keywords 

buffered  fiber;  CoF:  ribbon  matrix;  sliding  friction;  upjacketcd  fiber 

1.  Introduction 

Cable  manufacturers  require  the  sliding  friction  of  a  matrix  material 
to  be  low  in  order  to  isolate  the  fibers  from  microbending  forces  and 
allow  easy  slippage  between  adjacent  ribbons,  thereby  minimizing 
fiber  strainfl].  Microbending  occurs  when  large  lateral  forces  arc 
acting  between  fibers  and  this  increases  attenuation  resulting  in 
signal  loss.  Therefore,  it  is  important  that  a  ribbon  sliding  test 
accurately  predicts  the  CoF  of  a  matrix  material,  which  determines 
how  a  fiber  ribbon  interacts  with  adjacent  ribbons  in  multiple  cable 
designs. 

In  the  past,  flat  film  testing  was  utilized  to  obtain  slip  data  on  matrix 
materials.  This  test  involved  dragging  a  weighted  sled  with  an 
attached  film  of  the  material  over  a  flat  film  of  the  same  material121. 
This  test  was  unable  to  accurately  predict  cither  a  trend  or  an 
absolute  value  that  correlated  to  what  was  observed  by  customers 
producing  ribbons  with  the  same  matrix  material.  Analysis  reveals 
that  the  mechanics  of  the  mandrel  test  differ  strongly  from  those  of  a 
flat  film  test  as  will  be  described  in  the  Section  2  (Frictional 
Properties).  The  amount  of  weight  necessary  to  attain  similar 


stresses  in  the  flat  film  testing  are  unrealistic,  and  would  cause  the 
sled  to  plow  through  the  sample  causing  deformation  to  the  surface. 

A  difference  also  exists  in  the  final  surface  of  a  flat  film  and  ribbon 
due  to  the  different  methods  of  curing  the  samples.  When  a  material 
is  cured  as  at  flat  film  it  is  exposed  to  UV  light  via  a  Fusion  unit  at  a 
speed  of  approximately  10  to  20  m/min.  In  contrast,  a  ribbon  sample 
made  on  a  Ncxtrom  ribboning  machine  is  exposed  to  UV  light  at 
400  m/min.  and  the  time  between  the  creation  of  the  film  and  the 
curing  of  the  surface  is  approximately  1  ms.  This  difference  in  time 
prior  to  cure  has  a  large  impact  on  the  diffusion  of  surface  active 
additives,  i.e.  lubricants,  and  thus  the  slip  properties. 

Therefore,  a  ribbon  to  ribbon  test  was  employed  utilizing  previously 
published  methodology^'4,51.  We  were  able  to  predict  what  the 
customer  observed  on  ribbon,  since  the  analyzed  samples  were  of 
similar  gcometiy.  However,  ribbon  to  ribbon  testing  can  be 
expensive  and  is  dependent  on  processing  conditions.  Ribbons  need 
a  high  degree  of  planarity  to  ensure  that  only  the  slip  properties  of 
the  material  are  being  measured.  Surface  roughness  of  the  ribbon  is 
one  of  the  parameters  that  determine  the  sliding  friction  of  a 
material.  If  the  fibers  arc  not  properly  aligned,  the  surface  becomes 
irregular.  Also  in  order  to  process  a  ribbon,  multiple  fibers  have  to 
be  coated  and  a  matrix  resin  is  deposited  over  these  fibers.  This  can 
become  expensive  when  materials  arc  in  the  developmental  staac. 
As  a  result,  a  single  buffered  fiber  to  ribbon  CoF  test  was 
developed.  The  test  is  based  on  the  same  principle  as  the  ribbon  to 
ribbon  test,  with  a  few  modifications.  Also  the  application  and  cure 
conditions  of  the  upjacketcd  fiber  arc  similar  to  that  of  a  ribbon,  in 
comparison  to  the  large  differences  that  exist  between  those  of  a  flat 
film  and  a  ribbon.  Studies  to  date  indicate  the  results  are  comparable 
and  that  the  same  frictional  properties  are  being  measured. 

2.  Frictional  Properties 

When  discussing  the  friction  of  polymeric  surfaces,  the  coefficient 
of  friction  is  sometimes  represented  as  a  material  parameter  only. 
The  CoF  is  a  complex  function  of  surface  topology',  processing 
conditions,  and  testing  conditions  and  this  is  especially  important  in 
the  case  of  UV-curable  resins  with  lubricating  additives.  In  order  to 
interpret  the  results  of  the  sliding  friction  of  ribbons  correctly,  one 
must  understand  and  control  the  conditions  of  curing,  processing, 
and  testing. 

The  lateral  sliding  friction  of  polymeric  surfaces  is  generally 
analyzed  utilizing  a  polymer  adhered  to  a  steel  sled  and  pulling  it 
over  a  surface  of  the  same  material  at  a  controlled  rate|2).  The  sliding 
speeds  generally  range  from  1  to  10  mm/s  and  the  normal  contact 
pressure  is  in  the  range  of  0.02  to  0.2  MPa,  assuming  frill  contact 
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between  the  film  and  the  sled.  In  contrast,  the  mandrel  set-up 
devised  by  Keesee,  et  al.[3]  for  measuring  the  sliding  friction  of 
ribbons,  has  an  estimated  contact  pressure  of  1  to  20  MPa  as 
illustrated  in  Figure  1.  This  high  value  of  the  normal  pressure  is  due 
to  two  factors.  First,  the  circular  geometry  induces  an  exponential 
increase  of  the  overall  tensile  force  as  a  function  of  the  arc  angle 
((p  )  and  the  CoF  (p)  as  shown  in  the  following  relationship[6]where 
mg  is  the  initial  force: 

Fm{y)=mgeW  (1) 

Secondly,  the  uneven  surface  of  a  ribbon  results  in  low  contact  areas 
when  pressed  against  each  other.  The  effective  contact  area  is  a 
function  of  the  local  curvature  and  the  modulus  of  the  matrix  [7l  The 
increase  in  overall  normal  load  and  small  contact  areas  combined 
results  in  significantly  higher  normal  pressures  than  those  attained  in 
flat  film  testing.  Using  Hertzian  mechanics  this  local  normal 
pressure  was  estimated  to  be 


Po(<P)  = 


mgE 

jiitRmanR  j 


1/2/ 


v  1/2 


sirup  + - 

v  ^ 


(2) 


In  the  above  equation  E  is  the  modulus  of  the  matrix,  Rman  is  the 
radius  of  the  mandrel  (10  cm),  R  is  the  radius  of  the  optical  fibers 
in  the  ribbon  (-150  pm),  and  n  is  the  number  of  fibers  in  contact 
with  each  other  (estimated  to  be  12  for  simplicity).  In  Figure  1  the 
estimated  normal  pressure  is  plotted  as  a  function  of  the  arc  (p  for 
values  of  |i  ranging  from  0  to  1.  It  is  clear  that  the  local  contact 
pressure  may  become  rather  high,  and  considerably  above  that 
attained  in  flat  film  tests. 


Figure  1 .  Normal  Pressure  for  p  varying  from  0,  0.1 , 
...,1  as  a  function  of  the  arc  angle 

Due  to  this  large  difference  in  contact  pressure  the  mandrel  CoF  test 
may  differentiate  formulations  that  have  an  equal  performance  in  a 
flat  film  test.  The  reason  for  this  is  as  follows:  At  high  normal 
pressures  mobile  lubricants  can  be  squeezed  from  the  contact  area, 
resulting  in  dry  polymeric  contact  areas[8’9].  The  pressure  at  which 
the  lubricant  film  breaks  is  determined  by  the  affinity  of  the 
lubricant  for  the  polymeric  surface.  Estimation  of  such  critical 


pressures  showed  these  to  be  in  the  same  regime  as  the  normal 
pressure  in  the  mandrel  CoF  test.  This  is  shown  in  Figure  2,  together 
with  the  estimated  radius  of  such  holes  in  the  lubricant  layer.  The 
details  of  this  analysis  can  be  found  in  references  8  and  9.  Thus,  in 
our  opinion  the  mandrel  ribbon  CoF  test  is  a  more  critical  test  for 
the  performance  of  lubricating  additives  than  film  tests. 


i 

Critical  radius  *10*  (m)  * 


I 

Critical  pressure  (MPa)  * 


Figure  2.  Critical  Pressure  and  Critical  Lubricant  Hole 
Size  as  a  Function  of  the  Lubricant  Surface  Tension 

The  fabrication  of  ribbons  is  time  consuming;  therefore  it  was  our 
goal  to  develop  an  alternative  CoF  test,  which  predicts  the  rank 
order  of  new  matrix  candidates  in  studies,  which  often  involve  a 
large  number  of  formulations.  In  order  to  achieve  the  normal 
pressures  observed  in  ribbon  to  ribbon  analysis,  a  similar  circular 
geometry  and  low  contact  areas  are  necessary.  To  accomplish  this 
we  developed  the  buffered  single-fiber  test,  in  which  a  single  fiber 
with  an  outer  layer  of  matrix  material  is  pulled  across  a  twelve-fiber 
ribbon  whose  matrix  is  without  any  lubricating  additives.  The 
buffered  single  fiber  has  a  diameter  similar  to  that  of  the  twelve- 
fiber  ribbon  with  similar  contact  area  and  since  the  matrix  of  the 
underlying  ribbon  does  not  contain  lubricating  additives,  all 
lubricating  action  can  be  attributed  to  the  formulation  on  the  single 
fiber. 

3.  Experimental  Design 

3*1  Processing  Conditions  For  Ribbon  and  Single 

Buffered  Fiber 

The  twelve-fiber  ribbon  samples  were  processed  on  a  Nextrom 
OFC-21  ribbon  machine  with  254  pm  colored  single  fibers.  A  slight 
in-house  modification  was  made  with  the  machine  allowing  the 
oxygen  concentration  in  the  nitrogen  purge  gas  to  consistently  be 
below  100  ppm  when  measuring  with  a  calibrated  oxygen  analyzer 
(Thermox  CG-1000  manufactured  by  AMETEK). 

The  OFC-21  ribbon  machine  is  equipped  with  two  UV  lamps.  The 
first  in  line  lamp  is  an  11  mm,  6-inch  D  bulb  with  500  W/in 
functioning  at  100%  of  power.  The  second  lamp  is  mounted 
opposite  of  the  first  and  is  a  13  mm,  10-inch  H  bulb  with  600  W/in 
functioning  at  60%.  The  nitrogen  flow  rate  for  both  lamps  is  40 
L/min.  The  purity  of  the  nitrogen  purge  gas  is  greater  than  99.9%. 
The  tested  ribbon  samples  were  processed  at  400  m/min.  The  entry 
die  size  is  3188  x  271  pm,  while  the  exit  die  size  is  3219  x  350  pm. 
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Final  ribbon  thickness  is  about  300  jam,  resulting  in  an  average 
matrix  thickness  of  23  pm. 

We  attempted  to  match  the  processing  conditions  of  the  single 
upjacketed  fiber  samples  as  close  as  possible  to  the  twelve-fiber 
ribbon  samples.  The  fiber  was  upjacketed  with  the  Ncxtrom  OFC-52 
color  machine.  The  first  in  line  lamp  is  an  II  mm,  10-inch  D  bulb 
with  600  W/in  functioning  at  67%  power,  followed  by  a  13  mm,  10- 
inch  H  bulb  with  600  W/in  also  functioning  at  67%  power.  The 
nitrogen  and  the  flow  rate  parameters  were  the  same  as  the  ribbon 
machine.  All  of  the  testing  samples  were  processed  at  400  m/min. 
The  measured  oxygen  content  in  the  processing  environment  was 
consistently  less  than  100  ppm.  The  entry  and  exit  dies  arc  both  275 
pm.  Smaller  diameter  (235  pm)  uncolored  fibers  were  chosen  for  the 
analyses  to  achieve  the  final  unjacketed  fiber  diameter  of  265  pm, 
resulting  in  an  average  matrix  thickness  of  15  pm. 

3.2  Test  Method 

The  single  buffered  fiber  to  ribbon  test  is  based  on  the  ribbon  to 
ribbon  CoF  test  [3A5J  that  is  currently  used  in  the  field  and  at  our 
facility  to  obtain  CoF  values  for  different  matrix  materials.  A  ribbon 
containing  multiple  fibers  is  fastened  around  a  steel  mandrel  with  a 
diameter  of  20  cm  and  a  groove  width  for  a  twelve-fiber  ribbon  of 
3.2  mm.  The  mandrel  is  attached  to  the  crosshead  of  an  Instron.  The 
ribbon  does  not  contain  any  lubricating  additives  that  are  added  to 
the  matrix  composition  in  order  to  decrease  the  friction  of  the 
material.  The  single  buffered  fiber  is  attached  to  a  clamp  at  the  base 
of  the  Instron  and  then  draped  over  the  mandrel  containing  the 
ribbon.  A  200  g  weight  is  attached  to  the  end  of  the  single  buffered 
fiber.  Care  must  be  taken  to  ensure  that  the  single  buffered  fiber  is 
properly  aligned  along  the  ribbon  and  is  not  allowed  to  touch  either 
side  of  the  mandrel.  The  single  buffered  fiber  is  pulled  across  the 
ribbon  at  25  mm/min.  The  main  differences  that  exist  between  the 
two  tests  are:  the  ribbon  to  ribbon  test  utilizes  a  higher  weight  of 
1600g  attached  to  the  top  ribbon  sample,  and  the  ribbon  that  is 
pulled  along  the  fixed  ribbon  in  the  mandrel  are  both  coated  with  the 
same  matrix  material.  The  instrument  configuration  can  be  found  in 
Figure  3.  The  maximum  load  is  reported  and  allows  the  coefficient 
of  friction  to  be  calculated.  The  following  equation  is  used  to 
determine  the  coefficient  of  friction: 

p=  1/7T  In[Ftot/(M  x  g)-l]  (3) 

The  coefficient  of  friction  is  represented  by  p,  F  represents  the 
maximum  peak  force,  M  represents  the  weight  attached  to  the  single 
buffered  fiber,  and  the  acceleration  due  to  gravity  is  represented  by 
g.  Each  matrix  material  is  analyzed  at  least  three  times  in  order  to 
ensure  that  the  value  is  accurate  and  to  provide  an  estimate  of  test 
variance.  Each  time  a  material  is  evaluated  a  new  single  buffered 
fiber  is  wrapped  over  a  new  ribbon  on  the  mandrel. 


Figure  3.  COF  Mandrel  Configuration 


3.3  Materials 

Typical  acrylate-based  matrix  materials  were  prepared  for  this  study 
as  illustrated  in  U.S.  patents  6,052,503  and  6,3 19,549(10  |h. 

3.4  Results 

The  experiment  was  set  up  in  three  different  phases.  In  the  first 
phase  the  CoF  data  obtained  from  ribbon  to  ribbon  and  the  sinele 
buffered  fiber  to  ribbon  analyses  were  directly  compared.  This 
experiment  included  a  ladder  study  of  lubricating  additives  used  in 
the  same  base  matrix  formulation.  The  numerical  data  can  be  found 
in  Table  1 .  The  results  of  the  study  and  the  repeatability  of  the  data 
can  be  found  in  Figure  4. 


Table  1.  Comparison  of  Ribbon-to-Ribbon  and  Single 
Buffered  Fiber  Analysis  for  Lubricating  Additives 
Ladder  study 


Lubricating 
Additives  (%) 

Ribbon  to  Ribbon 
CoF 

Single  Buffered  Fiber  to 
Ribbon  CoF 

2 

0.71  (0.06) 

0.73  (0.03) 

3 

0.64  (0.04) 

0.80  (0.03) 

4 

0.49  (0.10) 

0.63  (0.03) 

5 

0.48(0.10) 

0.63  (0.03) 

6 

0.47  (0.01) 

0.62  (0.04) 
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Percent  Lubricating  Additives 


♦  Single  Fiber  to  Ribbon  — * — Ribbon  to  Ribbon 

Figure  4.  CoF  Comparison  of  Single  Fiber  to 
Ribbon  Versus  Ribbon  to  Ribbon  Analysis 

The  results  indicate  that  differences  in  the  CoF  of  a  material  can  be 
determined  from  both  the  ribbon  to  ribbon  and  the  single  fiber  to 
ribbon  analysis.  The  numerical  values  differ  slightly  between  the 
two  analyses,  but  the  same  trend  and  rank  order  are  observed.  A 
trend  in  the  CoF  of  a  material  is  noted  between  two  and  six  percent 
addition  of  lubricating  additives.  The  CoF  decreases  from  two  to 
four  percent  and  then  levels  off  between  four  and  six  percent. 

In  the  second  phase  of  the  study,  we  wanted  to  evaluate  the 
relationship  between  formulation  composition  and  the  effective  slip 
properties.  The  formulation  was  altered,  but  the  tensile  properties 
were  kept  constant.  A  similar  ladder  study  with  lubricating  additives 
was  performed  on  these  coatings.  The  results  of  the  study  and  the 
repeatability  of  the  data  can  be  found  in  Figure  5.  The  numerical 
data  can  be  found  in  Table  2. 


Figure  5.  CoF  Comparison  of  Single  Fiber  to 
Ribbon  Versus  Ribbon-to-Ribbon  Analysis  for 
alternant  Formulations 

The  results  demonstrate  in  the  case  of  both  formulations  the  same 
trend  is  observed  with  the  single  fiber  and  the  ribbon  to  ribbon  test, 
regardless  of  the  specific  chemical  composition  of  the  formulation. 

The  third  phase  of  the  study  evaluated  matrix  materials  of  low, 
medium,  and  high  CoF  values;  and  measured  the  CoF  values  via  the 


ribbon  to  ribbon  and  single  buffered  fiber  to  ribbon  methods.  The 
data  can  be  found  in  Table  3. 


Table  2.  Comparison  of  Ribbon-to-Ribbon  and 
Single  Buffered  Fiber  Analysis  for  Lubricating 
Additives  Ladder  study  Alternant  Formulations 


Lubricating  Additives 
<%) 

Ribbon  to  Ribbon 
CoF 

Single  Buffered  Fiber 
to  Ribbon  CoF 

2 

0.97  (0.01) 

0.79  (0.03) 

3 

0.68  (0.05) 

0.78  (0.04) 

4 

0.61  (0.14) 

0.65  (0.02) 

5 

0.53  (0.02) 

0.61  (0.01) 

6 

0.59  (0.01) 

0.64  (0.03) 

Table  3.  Comparison  of  Ribbon  to  Ribbon  and 
Single  Buffered  Fiber  to  Ribbon  Analysis  for 
Multiple  Matrix  Materials 


Material 

Ribbon  to  Ribbon  CoF 

Single  Buffered  Fiber 
to  Ribbon  CoF 

Formulation  A 

0.61  (0.07) 

0.66  (0.0 1) 

Formulation  B 

0.74  (0.04) 

0.78  (0.06) 

Formulation  C 

0.82  (0.14) 

0.76  (0.02) 

Formulation  D 

0.97  (0.02) 

0.78  (0.04) 

Formulation  E 

1.06(0.001) 

0.95  (0.02) 

The  results  demonstrate  that  the  single  buffered  fiber  to  ribbon 
analysis  can  be  utilized  to  obtain  reliable  rank  order  CoF  data  for 
matrix  materials.  The  values  are  similar  to  that  obtained  from 
ribbon  to  ribbon  analysis.  Both  methods  can  be  used  to  differentiate 
the  slip  properties  of  different  matrix  formulations.  Also  the  single 
buffered  fiber  to  ribbon  data  always  has  a  repeatable  low  standard 
deviation.  The  ribbon  to  ribbon  analysis  standard  deviation  varies 
from  sample  to  sample. 

4.  Conclusions 

The  single  buffered  fiber  to  ribbon  CoF  test  is  a  useful  research  and 
development  tool  in  predicting  the  slip  properties  and  rank  order  of 
matrix  materials.  Also  the  single  buffered  fiber  to  ribbon  analysis  is 
more  economical  in  comparison  to  the  ribbon  to  ribbon  analysis. 
The  results  that  are  obtained  from  this  analysis  are  repeatable  and 
similar  to  those  obtained  from  ribbon  to  ribbon  CoF  analysis.  The 
test  adequately  predicts  the  sliding  characteristics  of  multiple 
ribbons  when  they  are  placed  into  a  cable  design. 
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Abstract 

UV  Curable  Fiber  Optic  coating  systems  from  the  three  largest 
suppliers  were  analyzed  by  an  independent  industry  authority. 
The  purpose  of  the  study  was  to  determine  and  provide  objective 
evidence  of  commercial  coating  systems  relative  strengths  and 
weaknesses.  Commercial  fibers  were  purchased  on  the  open 
market  and  submitted  to  Telcordia  (Bellcore)  for  testing  per  the 
basic  GR-20  [2]  standard  test  schedule.  The  results  of  those  tests 
show  that  there  are  some  differential  benefits  provided  by 
different  coating  systems.  All  of  the  coating  system  choices 
passed  the  GR-20  requirements.  However,  within  those  allowable 
results,  the  coating  system  choice  can  affect  where  within  the 
specification  the  results  lie. 

Keywords 

Optical  Fiber;  Outside  Plant  Performance;  UV  Curable  Coatings; 
GR-20  CORE;  Attenuation;  Strip  Force;  Dynamic  Tensile  Strength; 
Environmental  Exposure  Resistance. 

1.  Introduction 

Fiber  Optic  coating  systems  from  the  three  largest  suppliers  of 
UV  Curable  fiber  optic  coatings  (Borden  Chemical, 
Desotech/DSM,  and  JSR)  were  analyzed  by  an  independent 
industry  authority.  The  purpose  of  the  study  was  to  determine 
and  provide  objective  evidence  of  commercial  coating  systems 
relative  strengths  and  weaknesses.  Commercial  fibers  were 
purchased  on  the  open  market  and  submitted  to  Telcordia 
(Bellcore)  for  testing.  The  results  of  those  tests  show  that  there 
are  some  differential  benefits  provided  by  different  coating 
systems.  The  testing  also  shows  that  there  can  also  be 
differentiating  effects  based  upon  process  conditions.  This  is 
demonstrated  in  that  the  same  coating  system  used  by  two 
different  manufactures  shows  some  subtle  differentiating  results. 

The  basic  GR-20  standard  test  schedule  for  tests  that  can  be 
affected  by  coating  system  was  commissioned.  The  following  GR 
-20  tests  were  performed:  Fiber  Macro-bending,  Fiber  attenuation 
coefficient  at  1310  and  1550nm,  Geometrical  Requirements, 
Coating  Strip  Force,  Dynamic  Tensile  Strength,  Stress  Corrosion 
Parameter,  and  Wasp  Spray  Exposure.  In  addition  to  that 
standard  test  scheme,  DMTA  was  performed  on  the  fibers  to  help 
explain  some  of  the  observed  phenomena  and  Borden  analyzed 
the  aged  fibers  via  video  microscopy  to  determine  the  effects. 


All  of  the  coating  system  choices  passed  the  GR-20  Standards. 
Within  those  allowable  results  however,  the  coating  system 
choice  can  affect  where  within  the  specification  the  results  lie. 
For  example:  the  micro-bending  attenuation,  upon  temperature 
cycling  and  environmental  exposure,  resistance  are  affected  by 
the  choice  of  coating  systems.  Tensile  strength  varied  among 
those  tested  and  the  DMTA  analysis  explained  why  some  coatings 
have  greater  low  temperature  micro-bending  attenuation  losses. 
Conversely,  none  of  the  systems  showed  any  significant 
degradation  upon  wasp  spray  exposure  and  all  showed  a  reduction 
of  stress  corrosion  factor. 


2.  Coating  System  Analysis 

Eight  Optical  Fiber  Spools  were  purchased  on  the  open  market  from 
some  of  the  World’s  best  fiber  manufacturers.  These  fibers  were 
then  submitted  to  Telcordia  Technologies,  (formerly  Bellcore)  for 
an  independent  analysis  of  the  Outside  Plant  Performance 
characteristics  of  those  fibers  with  respect  to  the  GR-20  CORE  [2] 
requirements  that  could  be  affected  by  selection  of  UV  Curable 
Coating  Systems.  As  a  control,  two  of  the  fibers  (numbers  four  and 
five)  were  from  the  same  manufacturer  purportedly  using  the  same 
coating  system.  As  a  further  study,  the  same  coating  system  utilized 
by  two  different  manufactures  half  a  world  apart  were  also  chosen 
to  detail  the  effect  that  processing  might  have  upon  the  overall 
performance  of  these  coating  systems.  Fiber  number  2  has  the 
Borden  Advanced  Coating  materials  and  is  our  control  sample.  It  is 
believed  that  the  coatings  for  fibers  1,  4,  &  5  are  from  the  same 
supplier,  fiber  coatings  on  3,  6,  &  7  are  believed  to  be  from  another 
supplier,  and  fiber  8  is  the  2nd  manufacturer  using  the  same  coatings 
as  in  Borden  control  fiber  number  2. 

Telcordia  was  contacted  and  after  a  discussion  regarding  appropriate 
testing,  the  following  test  program  was  agreed  upon: 
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Table  2-1 :  Summary  of  Borden  Chemical 
Fiber/Coating  Test  Plan  [1] 


GR-20-CORE, 

Reference 

Section 

Test  Description 

Specific  Test  Information 

4 

GR-  20  Sect 

fGR -20- CORE 7 Issue  2 . . . 

4  2 

Optical  Requirements 

Test  at  23  C. 

4  2  6 

Fiber  Macro  bend 

Test  at  23  C 

4  2  1 

Attenuation  Coefficient  Test 

Test  at  -40  C.  23  C  and  70  C 
(see  6  6  3; 

4  3 

Geometrical  Requirements 

Test  at  23  C 

4  4 

Mechanical  Requirements  \ 

4  4  2 

Coating  Strip  Force 

Test  at  23  C 

unaged  temperature  and  humidity 
aged  water  soak 

4  4  3 

Dynamic  Tensile  Strength 

Test  at  23  C 

unaged,  temperature  and  humidity 
aged 

4  4  4 

Stress  Corrosion  Parameter 

Test  at  23  C 

unaged  temperature  and  humidity 
aged 

6 

66  8 

Requirements  and  Test  Procedures  for  Optical  Cables 
(Applicable  Sections  Only} 

Wasp  Spray  Exposure  Test  at  23  C 

strip  force  dynamic  tensile  sfrenath 

Fiber  samples  were  submitted  to  Telcordia  with  the  manufacturer’s 
identities  withheld.  Each  fiber  was  supplied  on  a  single  25  Km 
shipping  spool  and  numbered  one  through  eight.  Telcordia 
proceeded  to  excise  the  required  amount  of  fiber  from  each  spool. 
They  choose  an  amount  of  approximately  1.5  Km  of  each  to  utilize 
for  testing. 

Each  fiber  was  fully  tested  according  to  the  above  protocol.  Each 
fiber  passed  the  requirements  as  set  forth  in  the  GR-20  CORE. 
However  some  general  trends  could  be  observed  within  the  data 
sets,  AH  of  the  data  in  this  report  is  from  the  independent  test 
facility  [1]  except  for  the  microscopic  photography  that  was  done 
internally  at  Borden.  Some  general  comments  proffered  by 
Telcordia  for  the  fibers  are  bulleted  below  [  ]  ]: 

•  None  of  the  fibers  appeared  to  be  susceptible  to  the 
effects  of  microbending. 

•  Fiber  1  experienced  the  greatest  effect  from  the 
microbending  exposure,  a  0.06  dB  increase  in  attenuation, 
followed  by  Fiber  5  with  a  0.03  dB  attenuation. 

•  At  1310  nm  Fiber  4  consistently  showed  the  lowest 
attenuation  in  temperature  cycling  from  -40°C  to  70°C, 
followed  closely  by  Fiber  2.  Fiber  5  consistently  showed 
the  greatest  attenuation  at  1310  nm  throughout  the 
temperature  cycling. 

•  At  1550  nm  Fibers  2  and  8  consistently  showed  the 
lowest  attenuation  in  temperature  cycling  from  -40°C  to 
70°C.  Fiber  4  consistently  showed  the  greatest  attenuation 
at  1 550  nm  throughout  the  temperature  cycling. 

•  The  geometrical  measurements  showed  Fiber  4  to  have 
the  thinnest  primary  coating  (182.8-mm  diameter). 
Fiber  3  was  measured  with  the  thickest  primary  coating 
(194.6-mm  diameter). 

•  Fibers  4  and  5  consistently  were  measured  with  the 
greatest  mean  strip  force  for  the  unaged  and  aged 
(temperature 'humidity  and  water  soak). 


•  Fibers  4  and  5  were  measured  with  the  greatest  tensile 
strength  for  unaged  fiber.  Fiber  7  was  found  to  have  the 
lowest  tensile  strength. 

•  Fiber  5  was  measured  with  the  greatest  tensile  strength  for 
aged  fiber.  Fiber  7  was  found  to  have  the  lowest  tensile 
strength.  Aged  fiber  experience  a  greater  spread  in  tensile 
strength  for  the  population  of  test  samples  than  the  same 
number  of  test  samples  of  unaged  fiber. 

•  The  stress  corrosion  factor  for  each  of  the  fibers  tested 
was  significantly  reduced  between  the  results  of  the 
unaged  and  aged  samples  for  each  fiber. 

•  None  of  the  fibers  (strip  force  or  tensile  strength)  were 
significantly  affected  by  the  exposure  to  wasp  spray. 

2.1  Data  and  Borden  Interpretation; 

The  first  set  of  testing  was  for  macrobending  resistance.  Fiber  one 
was  the  most  sensitive  to  an  increase  in  attenuation  due  to 
macrobending.  The  others  were  all  similar  in  increase. 


Figure  2-1  Macrobending  Attenuation 


Another  test  performed  was  temperature  cycling  attenuation.  The 
following  charts  depict  the  change  in  attenuation  at  1310  and  1550 
with  exposure  to  temperature.  This  is  one  test  that  shows  the  effect 
of  processing,  in  that  fibers  number  two  and  number  eight  were 
processed  by  different  manufacturers  using  the  same  coatings.  One 
can  sec  that  number  eight  has  an  increase  in  attenuation  at  -40  C 
whereas  fiber  2  has  a  slight  decrease  at  1550nm.  All  of  the  fibers 
were  slightly  sensitive  to  an  increase  in  temperature  at  both  1310 
and  1550nm.  Fibers  6,7,  &  8  were  sensitive  to  decreased 
temperatures  at  1 550nm  only. 
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Figure  2-2  Temperature/  Attenuation 
Change  (1310) 


Figure  2-3  Temperature/  Attenuation 
Change  (1550) 


The  next  criteria  observed  were  that  of  the  physical  geometry  of  the 
fibers.  The  table  below  depicts  the  coating  geometry  as  applied  to 
the  glass  fibers.  Fiber  three  had  the  smallest  Secondary  diameter, 
wherein  fiber  five  had  the  largest  Secondary  diameter.  Fiber  four 
had  a  smaller  Primary  diameter  versus  fiber  five  with  the  largest 
Primary  diameter.  Fibers  four  and  six  had  poor  concentricity, 
whereas  fiber  eight  had  exceptionally  good  concentricity  as 
compared  to  the  other  fibers. 


Table  2-2  Geometric  Measurements  of 
Fiber  Coatings  (nm)  [1] 


Secondary 

Coating 

Diameter 

Primary 

Coating 

Diameter 

Secondary 

Concentricity 

Primary 

Concentricity 

Fiber  1 

241.92 

184.06 

5.03 

1.41 

Fiber  2 

241.89 

184.67 

4.57 

1.84 

Fiber  3 

239.97 

194.58 

1.52 

1.29 

Fiber  4 

243.45 

182.82 

8.46 

4.79 

Fiber  5 

250.24 

197.38 

2.36 

1.83 

Fiber  6 

244.94 

192.48 

4.77 

3.66 

Fiber  7 

244.78 

192.12 

1.22 

0.43 

Fiber  8 

245.13 

192.70 

0.72 

0.34 

The  next  table  represents  the  glass  geometry  of  the  fibers.  Although 
glass  geometry  is  not  coating  related  it  is  included  for  completeness. 
There  were  no  significant  differences,  one  to  another,  in  the  glass 
geometry. 


Table  2-3  Geometrical  Measurements  of 
Fiber  Glass  (pm)  [1] 


Cladding 

Diameter 

Cladding 

Nch> 

circularity 

Core 

Diameter 

Core  Non- 
clrcutartty 

Concentricity 

Fiber  1 

124,98 

0294 

10,06 

2,035 

0122 

fiber  2 

12509 

0,193 

1014 

3228 

0003 

Fiber  3 

125.01 

0.144 

1036 

3.220 

0125 

Fiber  4 

12483  1 

0150 

10  08 

2908 

0  570 

Flbw5 

125  29 

0.146 

10  53 

2465 

0318 

Fiber  6 

125.17 

0129 

1064 

3,090 

0.132 

Fiber? 

12502 

0,1917 

9.99 

4712 

0200 

fiber  8 

124  94 

0  1638 

9  71 

3092 

0166 

Strip  force  measurements  were  taken  on  the  fiber.  The  fibers  were 
then  exposed  to  environmental  aging.  (85C/  85%RH  and  also 
Water  soak).  Some  of  the  fibers  stayed  the  same  or  actually 
increased  adhesion  to  the  glass  upon  aging.  Others  were 
significantly  reduced  by  as  much  as  30%.  This  points  to  the  lack  of 
environmental  exposure  resistance  by  some  of  the  coatings, 
especially  numbers  six  and  seven. 


Figure  2-4  Aged  Fiber  Max  Strip  Force 
Change 


Dynamic  Tensile  Strength  was  performed  for  each  fiber.  In 
comparison  to  each  other,  fibers  3,6  &  7  were  shown  to  be  weaker 
than  fibers  2,4  &  5.  Whereas  fibers  1  and  8  were  similarly  average. 
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Figure  2-5  Dynamic  Tensile  Strength 
Weibull  Probability  Unaged  Fibers  [1] 
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Figure  2-6  Dynamic  Tensile  Strength, 
Weibull  Probability  Aged  Fibers  [1] 


The  stress  corrosion  factor  was  analyzed  and  each  fiber  had  a 
reduction  in  value  upon  aging.  Fibers  one  through  four  were  below 
average  in  loss.  While  fibers  five  through  eight  had  more  than 
average  losses. 


Figure  2-7  Stress  Corrosion  Change  Upon 
Aging 


Fibers  were  also  tested  for  Wasp  Spray  resistance.  Only  fiber  seven 
was  found  to  have  a  loss  of  adhesion  upon  exposure  to  commercial 
grade  insecticide.  All  others  had  similar  or  increased  strip  force. 


Figure  2-8  Wasp  Spray  Exposure  Change 
in  Max  Strip  Force  (N) 


The  final  analysis  by  Telcordia  was  that  of  DMTA  on  the  fibers. 
Each  was  analyzed  for  Tg.  At  least  one  lower  and  only  one  upper 
Tg  were  identified  for  each  set  of  coatings.  The  following  figure 
summarizes  the  findings. 


Figure  2-9  DMTA  Transition  Temperatures 
rn 


♦  fiber  1 

■  Fiber  2 
.-.Fiber  3 
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♦  Fiber  sf 

■  Fiber  71 
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The  concluding  analysis  performed  on  each  fiber  was  that  of  video 
microscopy.  Telcordia  aged  fibers  were  returned  to  Borden  for  a 
microscopic  analysis.  This  proved  to  be  quite  interesting.  Some  of 
the  fibers  showed  significant  changes  to  the  primary  coating  upon 
standard  85C/85RH  (30  day)  and  Water  (25C-14day)  aging!  For 
several  of  these  fibers  the  aging  effects  upon  the  primary  coating 
was  one  of  crystalline  development.  In  the  primary  coating  small 
crystal  “spots”  developed  with  exposure  to  the  above  env  ironmental 
conditions.  In  some  cases  the  coatings  developed  bubbles  and 
ultimately  large  crystal  growth.  Fibers  1  and  7  had  spot  growth. 
Fiber  6  had  spots  and  bubbles.  Fiber  3  had  significant  crystalline 
growth.  Those  fibers  that  exhibited  this  phenomenon  also  were  the 
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Figure  2-13  Fiber  #2  After  Aging 


same  fibers  that  had  a  loss  of  adhesion  to  glass  (lower  strip  force) 
upon  being  aged.  Of  anecdotal  interest  is  that  those  fibers  with  the 
lowest  Dynamic  Tensile  Strength  were  also  those  with  this 
developing  crystal  incident.  The  Borden  control  as  well  as  fibers  4, 
5  and  8  did  not  exhibit  any  visual  changes  upon  aging. 


Figure  2-10  Fiber  #7  After  Aging 


Figure  2-1 1  Fiber  #6  After  Aging 


Figure  2-12  Fiber  #3  After  Aging 


3.  Conclusions 

Although  all  modem  commercial  coating  formulations  available 
in  the  marketplace  passed  the  GR-20  CORE  requirements,  some 
differentiation  and  added  value  can  be  gleaned  from  selection 
within  this  field.  Coating  chemistry  as  well  as  processing 
parameters  can  improve  the  fiber’s  resistance  to  temperature- 
induced  attenuation.  Process  condition  optimization  seems  the 
remedy  for  fiber  geometry  improvements  as  opposed  to  coating 
choice.  The  DMTA  of  the  fibers  help  to  clarify  the  relationship  of 
test  results.  Most  coatings  are  adequate  at  insecticide  resistance. 
Of  particular  note  is  that  some  formulations  are  much  better  at 
environmental  resistance  than  others.  This  is  proven  out  in  the 
aged  strip  force  analysis  as  well  as  the  visual  changes  developed 
by  some  of  the  less  resistant  coating  chemistries. 
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